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Summary                  
Metallised polypropylene (MPP) capacitors are the dominant capacitor type used in a wide 
range of power and electronic circuit applications.  MPP capacitors offer high volumetric 
capacitor density, low cost, excellent frequency characteristics and a unique ability to recover 
from point failures in the dielectric film.  These properties and especially the self healing 
capability make the MPP capacitor the capacitor of choice around the world for low power 
applications.  Applications range from motor run capacitors, power factor correction circuits, 
switch mode power supplies, bypassing and general electronic applications where low loss, 
good stability and excellent frequency response are important.  However MPP capacitors have 
a generic weakness that is not well understood, failure of the self–healing process leading to 
ongoing catastrophic failure.  Manufacturers currently offer palliative measures to combat this 
weakness such as the inclusion of a pressure–sensing switch in the capacitor body. This acts 
to disconnect the capacitor if pressure inside the casing rises as a result of thermal failure and 
burning of the capacitor.   
The work described in this thesis includes the derivation of improved capacitor modelling 
formulae and tools and the exploration of a likely mechanism for the catastrophic failure 
mode.  In this work, corrosion of the thin metallic field is linked to drastic increases in metal 
film current densities and generation of hot spots in capacitors.   
The work includes the characterisation of electrical and thermal conditions within typical 
cylindrical capacitors and the testing of the effectiveness of standard capacitor equivalent 
circuits in modelling actual capacitor performance.  The standard series equivalent circuit has 
fixed value components and so does not represent capacitors with characteristics that change 
with frequency. 
In the work reported in this thesis, novel formulae were derived relating the values of the 
equivalent series resistance and equivalent series capacitance to the physical characteristics of 
the capacitor and to frequency.  Thus, for the first time, equivalent resistance and capacitance 
are related by simple formulae directly to metal film spreading resistance, per–unit area 
capacitance and capacitor geometry. 
The formulae are derived from the results of distributed circuit diffusion equation modelling.  
The linkage between the physical parameters of a multilayer capacitor and the equivalent 
distributed circuit capacitor model necessary for the application of diffusion equations, are 
also firmly established in this work. 
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Two capacitor connection topologies were examined.  The most common, with the two 
electrical connections made at opposite ends of the capacitor cylinder, cannot be easily 
represented by a transmission line model for common diffusion equation modelling as can the 
single–end connected topology. 
In order to fully examine both capacitor connection topologies, numerical methods and 
distributed lumped element equivalent circuit modelling for both were used to derive 
comparative results.  In addition, diffusion equation modelling was used as a third point of 
reference in comparison to the other modelling results. 
The modelling showed that capacitors with double–end connection topology have more 
uniform voltage and power distribution than single–end connected capacitors.  This implied 
that double–end connected capacitors are capable of higher volumetric efficiency with respect 
to capacitance density.  External characteristics of both were shown to be virtually identical 
up to frequencies well above typical self–resonance. 
Comparative numerical and diffusion equation modelling were used to test the extent that 
single–end diffusion equation modelling can be assumed to also apply to capacitors with the 
double–end connection topology.   
The results showed that the errors incurred in applying the results of modelling of single–end 
connected capacitors to double–end connected capacitors are small, up to frequencies well 
above the self–resonance frequencies of typical MPP capacitors.   
However, the aggregate spatial distribution of power from both layers in a capacitor and the 
voltage across the dielectric were found to be fundamentally different in the two circuit 
connection topologies.  It was demonstrated that approximate voltage and power profiles for 
the double–end connected topology can be synthesised from the results for the single–end 
connected topology with good accuracy.   
These findings mean that diffusion formulae can be used to model both single–end and 
double–end connection topologies with some approximation error in the case of the double–
end connected topology. 
In the work reported in this thesis, it was shown that above singularity frequencies defined by 
distributed capacitance and metal film spreading resistance, equivalent series resistance and 
capacitance both fall with the square root of frequency, thus confirming the assertion of Gully 
(1996). 
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The inductance of typical MPP capacitors was theoretically analysed for single–end and 
double–end connected topologies and for circumferentially connected capacitor metallization.  
It was found that the magnitude and effect of distributed inductance in typical MPP capacitors 
was insignificant compared to packaging inductance.   
Thermal and electrical modelling and experimental measurements showed that corrosion 
effects could readily account for the generic catastrophic failure mode of metallised 
polypropylene capacitors. 
It was shown that even at 1 kHz and 100 Vac, destruction of the direct connection to the 
schooping1 could result in hot spots temperatures reaching hundreds of degrees centigrade 
above ambient and the corresponding current densities in the metal films approaching  
100 kA/cm2.   
Modelling showed that remnant vestiges of metal that may bridge corrosion gaps between the 
schooping and the metallic film can also pose serious thermal danger to the affected capacitor.  
Current densities in the bridges could readily exceeding 100 kA/cm2 for a typical capacitor 
with 100 Vac input at 1 kHz. 
Fusing current modelling and experimental measurement showed that fusing in metallic films 
typically occurred for current densities of several hundred amperes per square centimetre.  
The fusing current density depended on the environment of the metallic films.  It was deduced 
that mechanical failure of the dielectric was most likely to be the cause of electrical disruption 
of the metallic layer, rather than direct melting of the metallization.   
Partial disconnection of the metallic layers from the schooping edge was also shown to result 
in large increases in dissipation factor and power loss in a capacitor.  Modelling and 
experimental measurements showed that a capacitor with partial edge disconnected can be 
considered virtually as a two–capacitor hybrid, one a high performance and the other a lossy 
low performance capacitor.  The external characteristics of the two–capacitor hybrid fitted the 
commonly observed characteristics of capacitors that have gone “high” (high DF). 
Capacitor equivalent circuit models encompassing dielectric loss, shunt conductance effects 
and the impact of source resistance were also demonstrated.  A simple equation was 
developed to deduce the value of a dielectric loss–modelling resistance.   
                                                 
1
 Schooping is an arc–sprayed metal, usually zinc, applied to each end of a wound capacitor cylinder to connect 
to the film metallization of the wound strips. The two end–schoopings connect to different strips providing ready 
connection points for external wires. 
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In summary, the work reported in this thesis describes a most likely mechanism for the 
generic catastrophic failure of MPP capacitors.  This mechanism leads to the proposal of 
simple preventative measures that can be part of the manufacturing process.  The generation 
of novel formulae for the equivalent series resistance and capacitance of capacitors and for the 
frequency characteristics determined by R–C filtering, provides for the first time, simple 
relationships between the electrical performance of a capacitor and its design parameters such 
as metal film spreading resistance and capacitor geometry. 
Descriptions of the voltage, current and power distributions in typical cylindrical capacitors 
included in this thesis provide insight that may facilitate improvements in capacitor design. 
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Chapter 1:  Introduction to Cylindrical Metallised Polypropylene 
Capacitors 
1.1 Construction 
1.1.1 Physical Structure 
Low power (<450 volt) cylindrical metallised polypropylene (MPP) capacitors are commonly 
used for electric motor run capacitors, snubbers, general purpose by–passing and for electrical 
noise suppression (Appendix D, p. 221; Bentleigh 1995).  Three such capacitors, with two 
removed from their casing, are shown in Fig. 1.1.  
Fig. 1.1 Typical construction of cylindrical low power metallised polypropylene 
capacitors. 
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The capacitors are constructed of two overlapping long strips of polypropylene each typically 
around eight micrometres in thickness, spiral wound onto an insulating mandrel as shown in 
Fig. 1.2.  The strips are vacuum metallised, usually on one side, with a thin layer of 
aluminium around 10 to 50 nanometer (nm) in thickness.  The metallic film is thin enough to 
be semi–transparent (Sarjeant and MacDougall, 1997; Fothergill et al. 1999).  Aluminium is 
preferred because of its resistance to corrosion, its good bonding to polypropylene and the 
ease with which it can be vacuum–coated in very thin layers (Lackey and Donald, 1992).  
Whilst it is more resistant to atmospheric corrosion than alternative metals such as zinc, its 
extreme thinness makes corrosion a major problem for metal film capacitors. 
In a typical capacitor, metallization extends from one edge of the strip to about 2.5mm from 
the other edge, leaving a clear margin (Sarjeant and MacDougall, 1997).  As shown in cross 
section in Fig. 1.3, the two strips are laid so that each clear edge is on opposite ends of the 
cylinder and the metallised surface on both strips face either the inner or the outer diameter of 
the winding.  The strips may also be further offset or “staggered” axially by a few millimetres 
so that physical overlap is incomplete (Sarjeant and MacDougall, 1997). 
The aluminium coating is often made thicker at the opposite edge to the clear edge, this 
“heavy edge” providing a more robust metal film with higher conductivity for external 
connection.  The thicker aluminium may ideally extend for only a few millimetres so that it is 
under the axial offset and clear edge of the other strip. 
Fig. 1.2  Standard spiral–winding construction of cylindrical capacitors. 
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Surface resistivity of the metallization is typically two to ten ohms per square2 except at the 
heavy edge which may be one–third or less of this (Yializis et al. 1994).  
After the two strips are co–wound, a plasma arc is used to spray a zinc coating on each end of 
the cylinder (Shaw et al. 1982; Borghetti et al. 1995).  These schooping end–spray 
metallizations, which in the past may also have been of aluminium or tin–lead, selectively 
connect to the heavy edge of one strip (Shaw et al. 1981). The clear edge and offset prevent 
simultaneous connection of the other strip to the same end as shown in Fig. 1.3.   
Wires are then soldered to each schooping to provide external connections to the capacitor.  
Passing one of these wires back through the mandrel is not only convenient, but reduces 
overall inductance (Ropa and Glaize, 1995; Joubert et al. 1995). 
A discharge resistor is commonly fitted to power capacitors for safety reasons.  For capacitors 
of 600 volt or less rating, it must discharge the capacitor to a voltage of 50 volt or less within 
one minute (IEEE Std. 18–2002).  For a typical 10 µF capacitor, this mandates a resistance 
value of less than 2.4 MΩ. 
Capacitors can also be wound with uncoated polypropylene or polyester strips, with the 
metallization replaced by thin metallic foils (Bentleigh 1995; Sarjeant and MacDougall, 
1997).  Such capacitors are more difficult to manufacture and are more bulky and expensive 
                                                 
2
 Ohms per square refers to the resistance between two parallel edges of a square of the thin metallization. The 
value is not dependent on the size of the square. 
Fig. 1.3  Diagrammatic cross section of a cylindrical metallised capacitor winding.  
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than metallised capacitors but are preferred in applications where high transient currents may 
be experienced such as in power factor correction applications in electricity supply 
substations. 
However, foil capacitors lack a critical advantage of metallised polypropylene capacitors, that 
of self–clearing of a point failure in the dielectric (Sarjeant 1989). 
Self clearing occurs when a point failure develops in the polypropylene film resulting in an 
insulation breakdown and heavy transient current through the hole in the dielectric (Malnaric 
et al. 1999).  The metallised film is deliberately made thin enough for it to be destroyed 
around the hole, thus electrically isolating the point of failure and allowing the capacitor to 
recover its integrity with minimal change in characteristics  The heavy edge metallization may 
verge on being too thick to clear in this way, but because at least part of it is placed under the 
clear edge of the adjacent layer and is also displaced axially (staggered) as to be even further 
from metallization on the adjacent layer, the risk is reduced.  Thus, self–clearing is not 
necessarily compromised by the heavy edge provided it does not extend far across the width 
of the capacitor films.   
Point failures in the polypropylene dielectric may be due to manufacturing defects such as 
pinholes, foreign particles or microflaws in the semi–crystalline structure of the polymer 
(Reed and Cichanowski, 1994). 
A typical clearing gap in the metallization is shown in Fig. 1.4. 
The self–clearing property of polypropylene capacitors is only possessed to the same degree, 
by one other capacitor type, the earlier oil–impregnated paper–based capacitors.  However, 
paper is now superseded as a dielectric because of its low volumetric capacitance and 
comparatively high power loss in operation. 
Self–clearing is one of the main characteristics that results in MPP capacitors being the 
dominant type in general use in low power applications.   
Capacitors for voltages above around 450 volt are typically impregnated with mineral or 
organic oil (Schneuwly et al. 1998; Picci and Rabuffi, 2002).  The oil serves several 
functions.  It displaces air entrapped in the winding during manufacture thereby avoiding 
“partial discharges” which are electrical breakdown in this air layer.  The oil also improves 
insulation properties, absorbs gaseous by–products of clearing discharges, improves heat 
conduction away from the capacitor and usually improves resistance to corrosion. 
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However, oil impregnated capacitors are more complicated and expensive to manufacture and 
the ongoing quality of the oil is critical.  Impurities in the oil can corrode the metal film and 
compatibility with the polypropylene is critical (Reed and Cichanowski, 1994).  The 
polypropylene absorbs some oil and thereby swells and decreases or increases in length 
(Yoshida 1986).  This can crack the metallic film leading to higher electrical dissipation in the 
capacitor.  Oil can also dissolve atactic3 film (Gadoum et al. 1996; Nucci et al. 1985; Reed 
and Cichanowski, 1994). 
As the quality of capacitors improves due to better manufacturing processes and higher 
quality polypropylene film, dry capacitors – those without oil impregnant – have tended to 
supplant oil–impregnated capacitors in many uses (Bentley et al. 1995). 
1.1.2 Metallic Film 
Vacuum evaporation is used to deposit a very thin layer of metal on the polypropylene film.  
The latent heat of condensation of the metal threatens the integrity of the polymer through 
overheating and a chilled drum is used to reduce the temperature rise (Lackey and Donald, 
1992).  The polymer is usually pre–treated in a corona discharge to increase its surface energy 
and promote adhesion of the metal film.  Nevertheless, a very thin application of silver is 
                                                 
3
 Atactic refers to random alignments of branches to the atoms along the carbon backbone of the polymer. It 
inhibits formation of crystalline structure in the polymer. This “amorphous” polymer is more susceptible to 
chemical attack and has different mechanical characteristics compared to the polymer with crystalline structure. 
Fig. 1.4   Electron micrograph of clearing site on metallised capacitor film. 
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often necessary to provide nucleation sites on the polymer surface for the subsequent 
application of aluminium (Lackey and Donald, 1992; Taylor 1984).   
Zinc may also be co–deposited but on its own, has unsatisfactory adhesion to polypropylene.  
Thus it must usually be preceded by an interlayer of aluminium.  Zinc is sometimes used as a 
solution to a unique corrosion process affecting aluminium, that of electrochemical corrosion.  
However, zinc has lower conductivity than aluminium requiring thicker layers which in turn 
compromise the ability to self–heal reliably.  In addition, zinc is very susceptible to 
atmospheric corrosion.  These disadvantages can outweigh the advantages of using zinc. 
Metallization is prevented in a band along the polypropylene web, the “clear edge”, by the use 
of shields or oil selectively applied to the surface of the polypropylene before metallization, 
thus leaving a clear margin.   
The vacuum–metallised aluminium layer must have a resistivity of no lower than around  
2 Ω/sq. for self clearing to be reliably achieved (Sarjeant and MacDougall, 1997).  Such films 
are very thin – of the order of 10 to 50nm and are therefore fragile and susceptible to 
corrosion.  This places a lower limit on the thickness of the film, which corresponds to an 
upper limit on the metal film resistivity of around 10 Ω/sq.  (Yializis et al. 1994). 
To isolate a region of the capacitor that has failed to self heal, the metallic film is sometimes 
divided into a mosaic of square or similar shapes, having thin connections to each other and 
the schooping (Fothergill et al. 1999; Sarjeant et al. 2001; Lee and Kong, 2001; Schneuwly 
2000; Carlen et al. 1996; Bramoulle et al. 2001). 
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As depicted in Fig. 1.5, the narrow links are intended to act as fuses to isolate a patch of the 
metallization that has become shorted, thus preventing the destruction of the capacitor and 
allowing it to continue in service with minimal loss of capacitance.  However, creation of the 
mosaic adds cost and complication to the manufacturing process and the conceptually simple 
fusing action does not appear to happen reliably in practice. It is found that a considerable 
number of links fuse in a shorting event resulting in a form of “unzipping” (Schneuwly 2000).  
In addition, isolated squares appear to float electrically, to potentials that threaten the 
dielectric and cause ongoing cyclical point discharges at the vertices between adjacent squares 
(Gully 1996). 
1.1.3 Polypropylene dielectric film 
Polymer dielectrics have largely supplanted other insulators such as paper, because of their 
excellent dielectric and physical properties, low cost and availability in very thin films (Reed 
and Cichanowski, 1994).   
The most important of these are polypropylene, polycarbonate, polystyrene, polyethylene, and 
polyethyleneteraphthalate (PET).  Each has advantages and disadvantages in cost, temperature 
range, dielectric properties or decomposition products. The decomposition products affect the 
ability of a capacitor to withstand through–polymer shorts.  Overall, polypropylene is 
preferred in general power applications (Anderson 1996).  Its significant strengths include low 
cost, the ready availability of high quality manufactured film, good mechanical properties, 
very low dielectric loss, good frequency characteristics, low density, high surface energy 
(wettability), and ability to promote self healing in the case of localized dielectric breakdown 
(Renz 1983). 
Fig. 1.5   Patch mosaic of metallised capacitor film. 
Metal patches 
Heavy edge for connection Fusible link(s) 
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Composition of the polypropylene is critical to the reliability and performance of MPP 
capacitors.  The finished film may include residues of polymerization catalysts, stabilizers or 
anti–oxidants and slip agents (Al–Malaika 1999, pp.163–171; Bramoulle et al. 2001).  In 
addition, the polymer is a mix of crystallized and amorphous regions and the surface 
topography is marked by spherulites, fibrils, lamella and micro–cavities left by gas inclusions 
(Renz 1983).  The surface topography and residues have critical impact on the formation and 
reliability of the metal film.  Thin evaporated metal films tend to be less dense and 
unstructured compared to rolled metal obtained from smelting.  Fibrils on the surface of the 
polypropylene may protrude through the metal film and form electrochemical corrosion sites 
(Taylor 1984; Yializis et al. 1980). Reagents in the polymer may also corrode the metal layer. 
The effectiveness of self–clearing is affected by the nature of the products formed from 
ablated polymer.  These products are preferably non–conducting solids or gases.  Gaseous 
products, other than hydrogen, are usually hydrocarbon gases such as propane, or carbon 
monoxide.  The presence of oxygen included as part of the polymer chain or diffused in the 
polymer matrix, is thus important to the success of self–clearing with some polymers (Picci 
and Rabuffi, 2002).  If gaseous products are not formed, products of ablated polymer can 
condense as carbon around the breakdown site.  This carbon compromises the electrical 
isolation formed by the clearing event (Reed and Cichanowski, 1994). 
Electrical grade polypropylene is typically manufactured in a draft or tentering process, or 
blown bubble process.  During this stage, the film is stretched laterally and longitudinally 
either simultaneously or sequentially.  This process, termed biaxial orientation, thins and 
greatly improves the mechanical and electrical characteristics of the film (Reed and 
Cichanowski, 1994; McCrum et al. 1997, pp. 72, 77) 
The stretching results in inbuilt latent stress in the polymer film that can be released or 
relaxed if the temperature gets high enough to soften the polymer.  This contraction can 
distort the capacitor and disrupt the metallic layers (Kerrigan 1994; Sarjeant 1989).  Relaxing 
of the polypropylene film progresses at all normal operating temperatures (McCrum et al. 
1997, p. 373), depending on the glass transition temperature of the polymer, but the rate is 
usually negligible below about 850C.  Some manufacturers “soak” newly made capacitors at 
around 900C to allow the windings to partially relax and thus drive out any entrapped air. 
The gossamer–like thinness of the film makes winding of capacitors difficult, especially with 
respect to creasing.  Creasing of the polymer film within a capacitor roll is highly undesirable 
as it typically results in mechanical abrasion of the thin metal on the top of the crease leading 
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to electrical discontinuity. The uneven pressure across the thickness of adjacent layers can 
also result in degraded insulation resistance.  Winding tension has to be carefully controlled 
and profiled according to winding diameter, to obtain a tight winding.  Higher interlayer 
pressure in the inner windings compared to the outer windings is inescapable because of the 
cumulative effect of the overlaying layers and the smaller radii of the inner layers.  The lower 
compression of the outer layers means they are more open to the ingress of moisture which is 
linked to atmospheric corrosion of the metal film (Ratra, 1991; Taylor, 1984; Yializis et al. 
1981). 
Clearing discharges in the outer layers tend to involve more energy and are shorter in duration 
than in the inner layers (El–Husseini et al. 2001; Reed and Cichanowski, 1994).  Inner layer 
discharges are more dangerous than outer layer discharges because the energy must be largely 
absorbed by the polypropylene.  In addition, the gaseous discharge products, which have 
lower dielectric breakdown characteristics than polypropylene, tend to remain trapped 
between the layers (Shaw et al. 1982; Sarjeant 1989; Sarjeant et al. 1998). 
The deliberate thinness of the metallic film means that MPP capacitors rarely short to an 
impedance low enough to cause an external electrical fuse to blow (Nagamani and Ganga, 
1992).  The high impedance breakdown can easily result in sustained online failure resulting 
in ongoing heat generation, melting of the polypropylene and eventual combustion of the 
capacitor materials.  This catastrophic failure mode is a generic problem with MPP capacitors.  
1.2 Failure of MPP Capacitors 
Capacitor failure can be broadly classified into three types: soft, disconnection and 
catastrophic. 
1.2.1 Soft Failure 
Soft failure can be characterised by gradual reduction in capacitance or increase in dissipation 
factor or both, without obvious outward signs of degradation (Serjeant 1998).  Various criteria 
are used to define such failure.  In some cases, reduction in capacitance by 5% or more is 
defined as failure (El–Husseini et al. 2001; Ratra et al. 1991).  Reduction in capacitance is 
often correlated with an increase in power dissipation (Nagamani and Ganaga, 1994).  There 
appears to be no agreed failure criteria using dissipation factor, other than an implied upper 
limit given in manufacturer’s data sheets.   
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1.2.2 Disconnection Failure 
Disconnection failure can be characterised by destruction of the electrical continuity of the 
capacitor.  A typical example might be where a soldered connection detaches from the 
schooping.  However, a more complex manifestation is detachment of the whole schooping 
from the end of the capacitor roll.  This is variously believed to be due to thermal stresses, 
spark erosion or electrodynamic forces (Lin Fuchang et al. 2000; Nativel et al. 2005; Nucci et 
al. 1991; Dai Xin et al. 2000).  End–cap (schooping) disconnection by one means or other, 
which tends to proceed from the outer layers to the inner layers, is recognized as a major 
cause of failure of dry MPP capacitors (Gully 1996).  Progressive corrosion can also 
disconnect the metal film from the schooping by causing a circumferential gap to appear in 
the metallization next to the schooping. 
1.2.3 Catastrophic Failure 
Typical catastrophic failure of low power MPP cylindrical capacitors involves on–going 
electrically–supported progressive melting of the polypropylene, often characterized by 
polypropylene exudates from the capacitor body and eventual melting of the outer case. In 
extreme cases copious quantities of smoke are generated and the capacitor may catch fire.   
Three failed capacitors, removed from their cases are shown in Fig. 1.6.   As can be seen, 
melted polypropylene has broken out of the capacitor roll and exuded through the end–cap 
schooping metallization.  The capacitors were not electrically shorted but had greatly reduced 
capacitance values and typically had poor frequency characteristics.   
Fig. 1.6   Three failed MPP capacitors showing polypropylene exudate. 
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As previously described, the impedance of typical through–polypropylene electrical shorts is 
not low enough to cause external fuses to blow and thus isolate the affected circuit (Reed and 
Cichanowski, 1994). 
The ongoing melting of the capacitor dielectric can breach the capacitor casing as depicted in 
Fig. 1.7 before emitting smoke and flame. 
Manufacturers have responded by offering “safety” capacitors with inbuilt fuses that are 
operated by the build–up in pressure within the casing. This pressure build up accompanies 
heating and combustion of the capacitor (Appendix D, p. 222).  The switch thus disconnects 
the capacitor from the electrical circuit terminating the catastrophic failure process.  The 
catastrophic failure mode is generally not sustained once electrical power is removed (Shields 
and Zhang, 1999; Madama 1984).   
The triggers for such catastrophic failures are not well understood and may have many 
different origins (Reed and Cichanowski, 1994). 
It is sometimes implicitly assumed to be a consequence of an unavoidable statistical risk of 
failure of every self–clearing event.   
Other triggers for failure may include excessive voltages or currents particularly in the form 
of transients.  These can destroy the dielectric or result in electrical disconnection of the 
schooping from the metal films (Borghetti et al. 1995; Nucci et al. 1991; Picci and Rabuffi, 
2002; Dai Xin et al. 2000). 
Intrinsic weaknesses in the dielectric due to catalyst clumping or anti–oxidants may also be 
involved in some failures (Reed and Cichanowski, 1994).  Trapped charge on the surface or in 
the bulk of the polymer can trigger breakdown of the dielectric (Fukuma et al. 1991).   
Failure is also linked to hot spots within the capacitor body (Shaw et al. 1982). 
Fig. 1.7   Typical melted polymer exudate from failed capacitor. 
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Corrosion typically reduces the surface area of metallization and can increase the power loss 
in the capacitor by increasing the effective series resistance, thereby potentially increasing the 
temperature inside the capacitor during operation.   
Corrosion requires the presence of moisture and can be very rapid, reducing capacitance by as 
much as 30% in a month (Brinkman 1986). 
 
1.3 Corrosion 
Two types of corrosion affect MPP capacitors, normal atmospheric corrosion and 
electrochemical corrosion. 
1.3.1 Normal Corrosion 
Normal corrosion requires the presence of water (Brinkman 1986) and usually progresses 
from the ends of the capacitor cylinder in an axial direction toward the middle.  It is often 
related to the ingress of atmospheric moisture.  Because of lower interlayer pressure in the 
outer rolls compared to the inner rolls, moisture can penetrate more readily and corrosion 
tends to be more advanced in the outer rolls compared to the inner rolls. 
As the corrosion progressively advances axially from the schooping end–caps into the 
capacitor roll, a narrow gap often develops between the heavy edge or schooping connection 
and the central areas of the metallization.  The remaining central portion of the metallization 
thus becomes circumferentially connected to a point deeper in the capacitor roll where the 
direct connection to the schooping still exists.  The length of this connection increases as 
corrosion progressively advances the edge disconnection further into the roll. 
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Two metalized layers of a degraded capacitor, separated at a point two meters into the spiral 
winding, are shown in Fig. 1.8.  The layers, which tend to adhere to each other when 
unwound, are physically separated from a point below the figure.  As can be seen, the heavy 
edges of each strip are isolated by a large corrosion gap from the remaining metallization.   
In contrast, the same strips eight meters into the roll, shown in Fig. 1.9, are not quite 
disconnected due to less well advanced corrosion and incomplete removal of a metal band 
next to the schooping on each strip.   
Direct connection to the schooping still exists at this point.   
In many cases, the band of removed metal is much narrower than those shown, and more of 
the metallised area is retained.   
Fig. 1.8   Edge corrosion of metallization on the two layers of a used capacitor, two 
meters into the capacitor winding. 
Heavy metal edge 
Metal film 
Vestigial metal 
Corrosion gap 
Bottom layer Top layer 
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In the right of Fig. 1.8 vestiges of metal can be seen almost bridging the corrosion gap and at 
some point in the corrosion process, the corrosion gap may be electrically bridged by link(s) 
of this type. Such a link can potentially be a pathway for virtually all the current taken by the 
nearby metal film.   
Because the central remaining metallization is still connected to the schooping indirectly at 
some point further into the core of the roll, capacitance measured at low frequencies is often 
little changed from nominal value.  However the lengthy path means resistivity losses are 
much higher and the capacitor has degraded higher frequency characteristics (Gully 1996). 
Fig. 1.9   Incomplete edge separation by corrosion; eight meters into the roll. 
Incomplete corrosion 
of metal layer 
Heavy metal edge 
Bottom layer Top layer 
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1.3.2 Electrochemical Corrosion 
Electrochemical corrosion, as depicted in Fig. 1.10 is unique to metallised aluminium film 
capacitors and usually results in circular holes appearing in the metal film. The diameters of 
these holes increase linearly with time (Sarjeant and MacDougall, 1997; Taylor 1984; Yializis 
et al. 1980; Yoshida 1986).  The aluminium in the holes is converted to the non–conducting 
and transparent Al2O3 (sapphire) but the underlying polypropylene is undamaged by the 
process.   
Electrochemical corrosion requires the application of an AC voltage and electric field 
concentration.  Electric field concentration typically needs a small hole or sharp edge in the 
metallic film. The chemical reaction involved in the corrosion process is two–part requiring 
sequential positive and negative polarities at the edges of the holes (Lackey and Donald, 
1992). 
Such holes are commonly caused by polymer fibrils protruding through the metal layer 
(Brinkman 1986; Taylor 1984; Yializis et al. 1980), or by dirt particles or defects in the 
metallization.  The edge of the expanding hole maintains the electric field concentration 
necessary for the electrochemical corrosion to progress.  The rate of electrochemical corrosion 
peaks at around 3.5 kHz and does not occur at DC or at frequencies above around 10 kHz 
(Shaw et al., 1981).   
Fig. 1.10   Electrochemical corrosion site with fibril initiator. 
Circular electro–
chemical 
corrosion hole 
Polymer fibril  
(not to scale) 
Polypropylene 
film. 
Metal film 
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Shown in Fig. 1.11 is a typical example of electrochemical corrosion.  The two overlaid strips 
have been mechanically separated from a point to the left of the frame.  The holes in the two 
layers are not coincident.   
The circular electrochemical corrosion sites can be numerous resulting in near–complete loss 
of metal.   
The generation of such holes can be expected to increase effective spreading resistance and 
reduce the overall capacitance of the capacitor.   
For the electrochemical corrosion process to proceed, a concentrated electric field must be 
present at the edges of the corrosion site.  Thus at least two overlaying conducting films, 
representing the plates of the capacitor must be maintained.   
Zinc is not subject to electrochemical corrosion and hence is sometimes co–deposited with 
aluminium to inhibit the electrochemical corrosion process (Yoshida 1986).  To be effective 
the zinc has to be of sufficient quantity to segment and isolate the aluminium.  However the 
use of zinc is not popular because it is much more susceptible to atmospheric corrosion and 
has lower conductivity than aluminium necessitating the application of thicker films. 
Over–coating of the metal film with an acrylic for example, to prevent corrosion, is partially 
effective but not usually employed (Jones et al. 1996).  Polypropylene has significant 
moisture present in its structure and is permeable to both oxygen and water vapour, both 
Fig. 1.11   The two metallised strips of a used capacitor showing circular electrochemical 
corrosion sites 
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agents in electrochemical corrosion (Taylor 1984).  Thus, over–coating of the metallic film in 
this manner cannot totally prevent electrochemical corrosion.   
Epoxies are sometimes used to encapsulate the capacitor body and exclude atmospheric 
moisture, but with limited success, depending on the type of epoxy used (McCrum et al. 1997 
p. 376).  Although water is generally excluded, water vapour is able to penetrate many 
epoxies thus defeating the purpose of the encapsulation (Peckham and Smith 1995, p. 1271–
1272).   
Moving to more rigorous exclusion techniques such as hermetic sealing greatly raises the cost 
of the capacitor and is not normally employed for general–use capacitors. 
Dissection of capacitors that have catastrophically failed after a considerable period in routine 
service, such as with fluorescent light fittings, commonly shows extensive corrosion of the 
metallic layers such as depicted in Fig. 1.12. 
A notable characteristic of this particular section of strip is shown in Fig. 1.13.  It can be seen 
that the lines in Fig. 1.12 correspond to the boundaries of complementary areas of corrosion in 
the two layers and large areas of metal are missing from each.   
Fig. 1.12   Corrosion outlines in the outermost turns of the double layer of a 
degraded capacitor. 
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The sample was taken from the start of the capacitor roll where, due to the inclusion of a thick 
strip of outer layer packing in the outer turns of the tail, the two capacitor strips were 
effectively isolated from other subsequent turns.  The electric fields driving the corrosion 
were therefore solely between the two layers.  Corrosion in one thus proceeded until it 
terminated at the boundary of the corrosion in the other layer, producing the photo–negative 
effect. 
1.3.3 Potential Impact of Corrosion 
Atmospheric corrosion progressing axially into the capacitor roll from the end–caps tends to 
isolate an increasing length of remaining metal film from direct connection to the schooping. 
This forces charging currents to flow circumferentially in the spiral winding.  The lengthened 
electrical path incurs more ohmic losses than with a direct schooping connection.  At low 
frequencies, the exhibited capacitance of the capacitor may be little changed by such 
corrosion.  However, the dissipation factor can be much higher due to increased ohmic loss 
associated with the lengthened electrical path.   
Due to the R–C filtering effect represented by the serial circumferential connection, both 
equivalent series resistance and equivalent series capacitance reduce with increasing 
frequency.  The metallization most distant from the input connection becomes effectively 
isolated.  In effect, the lossy series–connected capacitance becomes smaller as frequency 
increases and losses become much higher than for the equivalent edge–connected capacitor.   
Fig. 1.13   Photonegative corrosion.  Separated strips of degraded capacitor, at the 
outer turns of the capacitor. 
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Thus the effects of corrosion can be directly linked not only to deterioration of the capacitor’s 
electrical properties, but to increased generation of heat and raised internal temperatures.   
There appears to be no reported quantitative studies linking metal film corrosion to 
temperature rise within capacitors. The degree and nature of internal heating resulting from 
such corrosion is not reported in the literature.  Polypropylene film capacitors have well 
defined maximum operating temperature limits, typically around 850C (Appendix D, p. 223). 
Specially rated capacitors may be operated up to 1050C provided the voltage is reduced to 
50% of the 850C rating (Appendix E, p. 224). 
Electrochemical corrosion in principle can also result in increasing electrical path length 
within the capacitor. Adjacent corrosion circles may join up to form a trail thus dividing the 
metallic film, but in general the effects appear to be more benign than those due to 
atmospheric corrosion.  In many cases, the metallic layer is marked by a multitude of pinhole–
sized corrosion holes.  These can be expected to reduce the effective surface area and the 
conductivity of the metal film.   
The effective series resistance will increase and the effective series capacitance will decrease 
as electrochemical corrosion proceeds.  However, changes in the frequency characteristics of 
these parameters may be more limited compared to the effects of atmospheric corrosion, as 
lengthy circumferential connection paths are less likely to form.   
1.4 Capacitor Equivalent circuit models 
1.4.1 Classical capacitor series equivalent circuit model 
The standard equivalent circuit for a capacitor depicted in Fig. 1.14 provides a reasonable 
model for most applications, particularly at low frequency.  All component values are 
assumed to be fixed and do not vary with frequency.  The equivalent series resistance (RES) 
models ohmic losses in the capacitor including resistive losses in the metal film and induced 
Fig. 1.14   Standard series equivalent circuit of a capacitor. 
ESL ESR
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CES GES 
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current losses.  It may also encompass dielectric losses.  Equivalent series inductance (LES) 
represents the lumped self inductance of the capacitor and its leads.  Equivalent series 
capacitance (CES) represents the manifested capacitance of the capacitor.  Equivalent series 
conductance (GES) represents leakage losses through and around the dielectric.  In most cases, 
leakage currents in polypropylene capacitors are extremely small and are ignored  
(Appendix E, p. 224).  
The traditional equivalent circuit is not adequate for high frequency modelling of capacitors 
where the equivalent components are frequency dependent. It also usually cannot simply 
model well known capacitor polypropylene characteristics such as a constant dissipation 
factor at low frequency.  In addition, it cannot model the effective transmission line 
connection represented by the metallised film.  Depending on the length of such a distributed 
R–C network, R–C filtering effect starts to change the equivalent series resistance and 
capacitance as frequency increases.  With power capacitors operating at low frequencies, this 
change may be limited, but if the internal connection of the metallization is changed by 
corrosion into a long circumferentially connected strip, the frequency dependent 
characteristics will occur at much lower frequencies than for the direct edge–connected 
configuration. 
In addition, the distribution of internal voltages and currents cannot be modelled by the simple 
capacitor equivalent circuit.  The model also gives little insight into the effect on 
performance, of capacitor build parameters, such as metal film resistivity and geometric 
parameters of the finished capacitor. 
1.4.2 Distributed circuit model 
If the capacitor can be modelled as a distributed or serially–connected ladder of vanishingly 
small micro–capacitors, a distributed RLcg model closely approximating the actual electrical 
and physical disposition of the capacitor may also be used for modelling as shown in  
Fig. 1.15.  Numerical piecewise approximation with a limited number of stages also may be 
Fig. 1.15   Distributed equivalent circuit for a capacitor. 
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used to good effect.  Ultimate accuracy can be obtained from the use of partial differential 
equations modelling the distributed circuit (Holt 1963, p. 482).  These form the classical 
Telegrapher’s equations as shown in Appendix A.   
This classic transmission line model has been applied in many variants to capacitor modelling 
(Chen et al. 1998; Chen et al. 2000; Murphy and Young, 1991; Murphy and Young, 1993; 
Murphy and Young, 1995; Smith et al. 2002).  It requires software implementation to be 
practicable but is capable of producing results that have excellent correlation with measured 
performance.   
No simple lumped equivalent circuit derived from diffusion equation modelling has been 
reported in the literature.  A simple equivalent circuit containing links to fundamental 
capacitor parameters such as metal film spreading resistance and capacitance per unit area 
would provide much needed insight into the effects of build parameters on capacitor 
performance.  A model of this type may also lead to better in–circuit modelling of capacitors 
in larger circuit emulations. 
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1.4.3 Multiple lumped element models 
The distributed circuit or transmission line connection topology, as described in Section 1.4.2, 
does not correspond to the standard or common double–end connection topology of low 
power capacitors shown in Fig. 1.16.  The standard connection topology, depicted in this sub–
circuit has the two external electrical connections at opposite ends of the capacitor whilst the 
traditional transmission line model has both connections at the same end. 
Where:  
R is the net metal film spreading resistance, per square; 
L is the net distributed inductance per square area;  
C is the capacitance per square area to the second strip layered above and below; 
G is the leakage conductance per square area to the second strip layered above and 
below. 
An elemental strip across the width of the metallised strip may be modelled as a cascade of 
elemental “mini–squares”, each having the equivalent circuit of Fig. 1.16.  The resulting 
model, partially depicted in Fig. 1.17 is for a cross–width single strip encompassing one 
dielectric layer.   
Fig. 1.16   A standard sub–circuit for a capacitor connected at opposite ends. 
Fig. 1.17   Distributed circuit for a capacitor connected at opposite ends, using the 
repeating sub–circuit. 
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The double end–connected equivalent circuit topology does not lend itself to diffusion 
equation modelling (Murphy and Young, 1995) and the normal alternative analysis method is 
to use numerical methods with a lumped equivalent circuit ladder with a sufficient number of 
elements to obtain the accuracy required. 
Computation can be done by piecewise–computation or by a circuit analysis program such as 
PSPICE. 
More complex tailor–made lumped–element circuit models tend to address special needs such 
as high frequency performance and do not lend themselves to general application (Smith and 
Hockanson, 2001; Smith et al. 2002; Sullivan and Kern, 2001; Sullivan et al. 2002).   
 
1.5 The need for improvement 
Metallised polypropylene capacitors are a commodity product in industry and millions are 
used annually world–wide.  Whilst having superlative advantages over other capacitor types 
including low cost, very low power dissipation, compact size and self–healing, they suffer 
from generic weaknesses in being very susceptible to corrosion and in having a sustained 
catastrophic failure mode. 
Remedies to the catastrophic failure mode, such as sealing the capacitor casing and fitting it 
with a pressure–sensitive switch to isolate a failed capacitor, are commonly used  
(Appendix D, p. 222).  Such fixes are expensive and do not address the underlying weakness 
or the danger associated with such failure.  The generic weakness also increases the cost of 
ownership of such capacitors due to the expense of servicing failed capacitors in the field.  
The factors leading to such failures are not well understood. 
Capacitors often become very lossy as they deteriorate but the mechanisms are not clearly 
understood.  The magnitudes of the associated rise in internal temperatures in the capacitor 
appear to be unquantified.  This leads to a lack of knowledge of the impact of raised internal 
losses on the reliability of the capacitors.  Such rises in heat and temperature may be a factor 
of much greater importance in the failure of capacitors than commonly appreciated. 
Unveiling of mechanisms for seemingly inexplicable substantial increases in the dissipation 
factors of capacitors with use (“going high”) and characterisation of consequent temperature 
profiles is needed to improve the long term reliability and performance of low power MPP 
capacitors and to counter the generic catastrophic failure mode. 
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Simple modelling able to accurately determine current and power distribution within the 
capacitor and relate capacitor performance directly to capacitor build parameters, is not 
generally available and not reported in the literature. 
Improvements in the modelling and understanding of the internal conditions in MPP 
capacitors would also facilitate improvement in capacitor design with significant commercial 
outcomes. 
Simple equations able to more readily produce the results achievable from complex diffusion 
equation modelling, may address the common avoidance of diffusion equation modelling and 
potentially provide a better capacitor equivalent circuit model for general in–circuit 
simulation. 
1.6 Outline of this thesis 
The objectives of this thesis are to develop electrical and thermal modelling tools and use 
these to develop an understanding of the characteristics and performance of low power 
cylindrical MPP capacitors, with particular focus on degradation and failure. 
Further, to develop equivalent electrical models that can be used to predict the electrical 
behaviour of cylindrical MPP capacitors in relation to physical parameters and frequency, 
particularly in the presence of partial degradation due to operational deterioration. 
The objectives are generally limited to dry cylindrical MPP capacitors operated at low power 
(≤500 V) and low frequency (≤1 MHz) although the results are not necessarily restricted to 
these boundaries or capacitors.  This study excludes any consideration of the effects of 
polymer composition or construction and the composition or nature of the schooping end 
spray.  The analysis largely assumes uniformity in the thickness and properties of the polymer 
dielectric and the metal film.  
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Chapter 2:   Distributed equivalent circuit capacitor models 
2.1 Introduction 
Stacked and wound cylindrical capacitors are the two common forms of polypropylene 
capacitors.  In fact the tabular stacked capacitor is typically formed as a large–diameter 
annular winding and later cut into small sections that have the appearance of tabular blocks 
but which have some insignificant curvature.   
The typical capacitor thus consists of an alternating stack of “plates” making for maximum 
volumetric capacitor density.  In principle, each of the alternating plates could be electrically 
connected anywhere on the plate.  However, the placement of the connection point has a 
critical effect on the performance of the capacitor including loss and frequency response.   
Although there is widespread description of capacitor plates as electrical transmission lines 
with distributed capacitance and resistance, there appears to be little firm linkage between the 
actual laminated structure and the equivalent distributed circuit.  In addition, the effect of the 
two major connection placements, at opposite ends or both at the same end of a capacitor, is 
not widely treated.  In this chapter, the effect of single–end connection and double–end 
connection and the resulting distributed circuit models, is firmly established. 
The modelling of single–end connection is extended to encompass the behaviour of two long 
strips of metallised film that are electrically connected at one end only.  This connection 
topology commonly arises from loss of direct edge connection due principally to corrosion. 
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2.2 Connection Topologies and Modelling Sub–Circuit 
Cylindrical capacitors consist of two metallised strips co–wound on a mandrel as described in 
section 1.1.1.  Hypothetically, the two strips could both be connected at one end of the 
cylinder as shown in Fig. 2.1A.  However, most are “double–end connected” as shown in the 
depiction of cylindrical capacitors in Fig. 1.2 and Fig. 1.3 and diagrammatically in Fig. 2.1 B.  
The single–end connected topology results in a true transmission line disposition in the 
capacitor plates, with distributed resistance, inductance, capacitance and conductance.  
Modelling of a transmission line is routine (Holt 1963, pp. 479–482) but it is difficult to 
derive similar equations to model the double–end connection. 
Capacitors exhibit two major categories of electrical loss, one in the dielectric layer and the 
other in the metallic film.   
For a cylindrical capacitor, the alternating current flowing from one schooping connection to 
the other is orientated axially within the capacitor and essentially consists of parallel 
concentric “shells”.  Modelling of inductance is complex (Joubert et al. 1994; Joubert et al. 
1995; Joubert et al. 2004; Siami et al. 2001).  If current is fed to both film strips from the 
same end, then the area enclosed by the current loops is exceedingly small.  This is because of 
the small separation – one thickness of dielectric – between metallic layers.  The result is low 
magnetic induction effects and inductance. 
Fig. 2.1   Single–end and double–end connected cylindrical capacitors. 
V+ 
V– 
V+ 
V– 
A: Single–end connection B: Double–end connection 
Alternating stacked “plates” Winding mandril 
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The traditional simple lumped–element equivalent circuit of a capacitor, reproduced in  
Fig. 2.2, is conveniently used as the sub–circuit for the distributed elements of a transmission 
line.  RES (equivalent series resistance) may encompass not only power losses in the conductor 
elements of the capacitor but losses in the dielectric film.  LES (equivalent series inductance) is 
due to magnetic fields generated by currents through the capacitor.  GES (equivalent series 
conductance) generally models leakage currents over surfaces within the capacitor and 
through the dielectric.  CES (equivalent series capacitance) models the equivalent “DC” 
capacitance seen at the terminals of the capacitor. 
In polypropylene capacitors, GES is usually negligible in effect except for long term charge 
storage considerations (Appendix E).  LES may be in a distributed form or lumped form.  
External connections to the capacitor may be considered part of the lumped inductance.  
Distributed inductance within a capacitor is generally small in effect for MPP capacitors and 
can be modelled as lumped inductance in power capacitors (Siami et al. 2001; Sullivan et al. 
2002).  It can be shown that distributed inductance in a MPP capacitor with the forward and 
return path closely overlaying each other, is negligible (Ropa and Glaize, 1994). 
2.3 Defining the Distributed Model 
2.3.1 Double–end connected capacitor model 
In order to develop a distributed circuit model based on physical structure, each of the two 
capacitor metallic films is treated as a multitude of small capacitors as shown, for example, in 
Fig. 2.3.  In this depiction, ten “mini–squares” per width of metal film are shown.  
Dimensions are for a typical capacitor.  Sullivan et al. (2002) used 416 lumped sections in one 
application of high frequency modelling of stacked film capacitors but concluded that less 
than a tenth this number would be adequate.  The second layer of the capacitor is identical to 
Fig. 2.2   Traditional equivalent circuit applicable as a distributed sub–circuit of a 
capacitor model. 
ESL ESR
ESGESC
LES RES 
CES GES 
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the layer shown in Fig. 2.3 but has the clear edge at the bottom of the diagram.  The layer 
shown will have the electrical connection at the bottom whilst the second layer will have the 
electrical connection at the top of the diagram. 
It is assumed that the metallic films of both layers overlay each other perfectly and are 
uniform in thickness. 
Each capacitor mini–square of metallization will interact with the one above and the one 
below it, thus forming a double capacitive coupling.  It is apparent from the cross–section 
shown in Fig. 1.3 that the stack in the cylindrical form shown could also represent a planar 
multiple layer polymer (MLP) stack. 
Part of a simplified discrete–element distributed circuit model for the capacitor is shown in 
Fig. 2.4 with a “plus” and “minus” voltage input.  Only the resistors and capacitors are shown 
for clarity and the depiction shows only three of the ten or more axial stages.  The vertical 
axis corresponds to the radius of the capacitor and the horizontal axis to the end–to–end or 
axial dimension.  R is the metallic film spreading resistance in ohms per square, and C’ is the 
capacitance across one thickness of dielectric per unit (mini) square area of metallic film. 
Fig. 2.3   Illustration of segmentation of each capacitor film into strips of 1×10 mini–
squares. 
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To facilitate mathematical modelling the stackable repeating standard sub–circuit shown in 
Fig. 2.5 is extracted from the circuit of Fig. 2.4.   
Fig. 2.4   Part of a simple lumped–component model of stacked capacitor, double–end 
connected. 
Fig. 2.5   Extracted repeating sub–element from equivalent distributed circuit for 
double–end connected stacked capacitor. 
Cylindrical capacitor 
Metallic layer 1 & 2 
2R 2R 2R 
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The repeating sub–circuit may be folded around the +V axis to yield the final general 
equivalent sub–circuit shown in Fig. 2.6. 
The resistors connected to +V, nominally three in this depiction but of any number desired, 
corresponds to the axial width of one of the metallised strips of the two–strip equivalent 
capacitor.  The resistors connected to –V, correspond to the second adjacent metallised layer.   
This model, applicable to any “stacked” capacitor configuration, has been applied by Lee et 
al. (2000), and Kong and Lee (2004). 
A multiplicity of these circuits operated in parallel make up the total capacitor.  An alternative 
is to scale the values of the resistors and capacitors in Fig. 2.6 to represent the total capacitor. 
Fig. 2.6   A true distributed equivalent cross–width sub–circuit for double–end 
connected capacitor strip. 
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2.3.2 Single–end connected capacitor model 
The alternative single–end connected circuit topology, results in the stacked equivalent 
circuit, part of which is shown in Fig. 2.7. 
 
A repeating sub–circuit derived from the simplified circuit of Fig. 2.7 is shown in Fig. 2.8. 
Fig. 2.7   Part of a simple distributed equivalent circuit of a stacked capacitor with 
both electrical connections on the same end. 
Fig. 2.8   Simplified repeating sub–equivalent circuit for a capacitor with single–end 
connection. 
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The repeating sub–circuit may be folded about the –V axis to produce the simplified 
generalized repeating sub–circuit shown in Fig. 2.9. 
 
The simplified repeating sub–circuit may be split around the zero–voltage axis as shown in 
Fig. 2.10. 
Fig. 2.9   Repeating equivalent sub–circuit of cross–strip of capacitor with both 
electrical connections on the same end. 
Fig. 2.10   Partitioned repeating sub–equivalent circuit for a single–end connected 
capacitor. 
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It is only necessary to deal with one side of this circuit above or below the virtual earth plane 
as the sides are mirror images of each other.  The results from using one side of the split 
circuit as depicted in Fig. 2.11 can then be scaled to reflect results for the whole equivalent 
circuit. 
The fully developed distributed models represented by Fig. 2.6 and Fig. 2.11 allow processing 
variously using SPICE, diffusion equation method (Fig. 2.11 only), and numerical methods. 
 
2.4 Single–ended Model Diffusion Analysis 
A distributed circuit as represented by Fig. 2.12 can be modelled using diffusion equation 
analysis.   
Fig. 2.11   Simplified sub–equivalent circuit for a single–end connected capacitor. 
Fig. 2.12   Complete transmission line equivalent circuit of a single–end connected capacitor. 
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where:  
vS is the model source voltage (=0.5 actual source voltage), 
rS is the source resistance (=0.5 actual source resistance), 
VZ is the model voltage at distance z from the input (line a), 
lS is the source inductance (=0.5 actual source inductance), 
R is the distributed resistance (Ω per “square” of length), 
L is the distributed inductance (Henry per “square” of length), 
c is the distributed capacitance (=4C’ per “square of area”), 
g is the distributed conductance (=4G’ per “square of area”), 
RT is the model termination resistance, 
LT is the model termination inductance. 
The resultant classical diffusion or transmission line formulae for the distributed circuit 
representing the capacitor (Telegrapher’s equations) are: 
for the series branch  
and 
for the parallel branch. 
Derivation of suitable general solutions to (2.1) and (2.2) are given in Appendix A.  For the 
purposes of this study, the disparate equations arising from diffusion analysis as shown in 
Appendix A, are applied in a spreadsheet.  This facilitates the computation of complex 
voltage, current, power and impedance, as well as equivalent dissipation factor (DF) and other 
capacitor performance parameters such as equivalent series resistance and capacitance. 
An alternative to the application of diffusion analysis used for the single–ended circuit 
configuration is numerical analysis applied to a distributed lumped–element model. To 
closely approximate the actual continuum a large number of elements must be used.  A typical 
methodology of implementing numerical analysis is to use an iterative method starting with 
an assumed receiving–end voltage.  The shunt current between the node and earth at that point 
t
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is calculated and used to calculate the voltage across the next series impedance to the next 
node, adding this voltage to the previous node voltage and so on, until the input is reached.   
The voltage value at the input may then be scaled to the actual driving point voltage by 
adjusting the original assumed voltage at the output.   
An advantage of the numerical method is that the discrete sub–circuit values may be varied 
along the line.  The metallic film for example, is often made thicker at the schooping contact 
to enhance connection reliability and endurance.   However, PSPICE is effectively a 
numerical method of solution and is preferred in this work. 
 
2.5 Double–ended Model Analysis 
The double–end connection topology, depicted in Fig. 2.6, does not lend itself to diffusion 
equation processing although approximate methods have been demonstrated (Murphy and 
Young, 1995).  PSPICE or similar circuit simulation packages may be readily applied to the 
lumped element distributed circuit approximation. 
For both the single–end connected and double–end connected topologies, it can be seen that if 
the voltage drop across the metal film is very much less than that across the dielectric, the 
voltage across all lumped capacitors will essentially be equal to the terminal input voltage.  
This means that the current through all lumped capacitors will be the same, irrespective of 
whether the circuit is single–end or double–end connected.   
The current density profile across the metal film for both will therefore be approximately 
linear, rising from a zero referenced to the non–connected edge, to a maximum at the 
connected edge.   
With this equivalence, the single–end connected model may be expected to provide useful and 
representative results for the double–end connected model, at least in the “lower frequency” 
domain where R–C filter effects are negligible.  The assumption of virtually identical voltages 
across the distributed capacitors will become invalid when the voltage drop across the metal 
film becomes a significant part of the input voltage. 
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2.6 Modelling of a “Disconnected” Strip 
Shown in Fig. 2.13 in horizontal orientation, is a figurative representation of one of the two 
metallised strips used in cylindrical layers.  Current normally flows from the heavy edge, 
where it is at a maximum, across the width of the metallised film strip as shown by the 
arrows. 
In Fig. 2.14 atmospheric corrosion has removed metal from both sides of the strip but the 
heavy edge, although reduced in effective thickness, is still present.   
The thin metallization adjacent to the heavy edge is removed producing a gap separating the 
heavy edge from a strip of the metal film.  Current must then flow to the remaining central 
metallization down the strip as depicted by the arrows.  This leads to high current densities at 
the still–connected end.  Effective series resistance (RES) is greatly increased (Gully 1996; 
Brown 2005a, 2005b) leading to raised dissipation factors (DF).  In addition, effective series 
capacitance (CES) becomes strongly frequency dependent due to the distributed R–C 
connection low pass filter effect.  This results in the effective capacitance of the remaining 
Fig. 2.13   Edge–connected metallised polypropylene strip. 
Fig. 2.14   Modified and concentrated current flow into metallization separated by corrosion 
from direct contact with the schooping. 
Outer 
end 
Inner 
end 
Heavy edge for schooping connection 
Clear edge 
Normal axial current flow 
Metal film 
Corrosion 
Heavy edge for schooping connection 
Innermost end of capacitor strips 
Current 
flow 
Metallization 
 
Chapter 2: Distributed equivalent circuit capacitor models 
 
—            — 
 
41 
central strip reducing with increase in frequency as the metallization most distant from the 
remaining edge connection becomes effectively isolated from the input. 
The corrosion gap is rarely uniform and often has remnant metal bridges at places.  These 
bridges or vestigial links as depicted in Fig. 2.15 may conduct heavy currents to the partially 
disconnected central metal strip resulting in high vestigial link current densities. 
A bridge of metal 3 mm square for example, will have the same impedance as one of the 
larger squares of metal as shown in the diagram.  In this depiction, most of the current to the 
right of the vestigial link will be via the link, since the impedance to the alternate remaining 
edge connection to the left, is several times higher in resistance. This will result in larger than 
normal metal film current densities in the link because of the link’s small dimensions. 
Fig. 2.15   Current concentration in a vestigial segment of metallization in one layer due to 
metal film semi–isolated by corrosion. 
Vestigial link 
“Square” of metal 
“Square” of metal of 
vestigial link 
Heavy edge 
Metal film 
Current flow 
Current flow 
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2.7 Hybrid or Two–Part Capacitor Model 
Shown in Fig. 2.16 is a model representation of a capacitor with x per unit of the length of 
both overlaid strips disconnected from direct connection to the heavy edge and schooping.  
The current for the disconnected metallization will be sourced in some manner from the still–
connected part of the metallization.  For the purposes of modeling, it is assumed that the 
current is supplied to the disconnected part through a virtually perfect supply connection as 
shown by the heavy line.  Further, the still–connected part will be modeled as if both overlaid 
strips are connected at the bottom of the diagram corresponding to one end of the capacitor 
cylinder.  Both top and bottom overlaid strips are assumed to be identically affected by the 
edge disconnection.  Reduction in metallization width due to corrosion is assumed to be 
negligible. 
The edge–dimension of the squares is equal to the width of the metallization of the strips.   
From the diagram it can be seen that the portion of the capacitor represented by the 
“disconnected” part is a true transmission line with dominant low–pass frequency 
characteristics.  In effect, the squares of metallization most distant from the connected end 
will be progressively disconnected due to this filtering as frequency increases.  At the 
Fig. 2.16   A composite capacitor strip resulting from partial edge–disconnection due to 
corrosion. 
Parallel squares of 
metallization 
Heavy edge (schooping connection): [1–x]. 
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Disconnected heavy edge; x 
Current 
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“disconnected” 
squares 
Current 
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squares of metallization 
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connected end, input currents and resistive losses will be greater than for the unaffected 
portion of the strip directly connected to the schooping. 
Thus the hybrid capacitor aggregate dissipation factor, effective capacitance, effective 
resistance and power loss, will be quite different from a normal fully edge–connected 
capacitor. 
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Chapter 3:  Inductance Modelling of a Cylindrical Capacitor 
3.1 Introduction 
Inductance of capacitors takes two forms.  The first is termed “packaging” or “lumped” 
inductance and may be considered as an element in series with the capacitor.  The second is 
“distributed” inductance which is embedded in the capacitor equivalent distributed circuit and 
cannot be modelled as a single lumped invariant inductance.  The effect of the two 
manifestations of inductance on the behaviour of a capacitor is profoundly different.  A single 
lumped inductance will typically result in a single self–resonance peak beyond which the 
composite capacitor–inductor will appear inductive.  On the other hand, distributed 
inductance results in a series of “resonance” and “anti–resonance” peaks across the frequency 
spectrum (Siami et al. 2001, Appendix C). 
In order to develop a new equivalent circuit for typical MPP power capacitors, it is essential 
to know the relative importance of the two types of inductance.   
In this chapter, the magnitudes of both types of inductance are determined for the two 
connection topologies for capacitors typical of the range encompassed by this research.  In 
addition, the inductance parameters arising from circumferential connection are also 
developed. 
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3.2 Single–end connected 
A cylindrical capacitor, hypothetically connected at one end, is shown in Fig. 3.1.   
As a typical example, the forward and reverse currents are physically separated by around  
8 µm of polypropylene dielectric and the metallic layers are typically around 20 nm or less in 
thickness.   
The capacitor typically may have a length of 35mm and outer diameter of 26mm and be 
wound on a mandrel with a typical diameter of 10mm.      y is the thickness of the dielectric. 
The axial “conductors” – the metal films – are considered to be concentric cylinders in the 
following analysis. 
The path length for the flux generated by the square loop shown is 2pi r. 
The energy stored in the annular ring represented in cross section, is given by: 
where µ is the magnetic permeability and H is the magnetic field intensity. 
Fig. 3.1   Model cylindrical capacitor with the two strips connected at one end. 
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By the Maxwell–Ampere law 
where l is distance. 
Since there is no external path for this magnetic field, (3.2) evaluates to: 
Re–arranging (3.3) and substituting into (3.1): 
But the energy W in the loop is also given by: 
Equating (3.4)and (3.5) and re–arranging: 
 
For a typical example, r =0.01 m, y =8x10–6 m, µ =4pi x10–7 H/m giving L=1.60 x10–10 H/m.  
At 1 MHz the corresponding impedance is around 1 mΩ/m for this example.  Since the 
spreading resistance of typical aluminium films used in MPP capacitors is 2 Ω/sq. or higher, 
the corresponding out and back resistance (two layer) for this example is more than 2.22 Ω at 
a 0.01m radius. This is very much greater than the inductive impedance at this frequency.   
For a capacitor of metalized strip width 0.035m, the inductance of one “shell” at 0.01m radius 
is 5.6 ×10–12H. 
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Assuming r1 is the inner radius of the capacitor winding and r2 is the outer radius, the sum of 
the inductances of all the parallel “shells” of the capacitor is given by: 
– the bracketed terms representing consecutively the number of concentric layers and the 
average radius. 
For a typical 8 µF, 400 V power capacitor having an inner radius of 0.0046m, an outer radius 
of 0.013m, a metallised strip of width of 0.035 m and 8 µm thickness, the total inductance is 
6.06×10–15 Henry.  This is insignificant compared to other inductances such as lead 
inductance, which typically is of the order of 10 nH for the same length (Williams 1995,  
p. 272).  Thus package inductance will determine the self resonant frequency of a single–end 
connected MPP power capacitor (Joubert et al. 1995). 
3.3 Double–End Connected 
3.3.1 Double–end connected with central return wire 
As shown in Fig. 3.2, the most common connection configuration for cylindrical power 
capacitors has wire from one end of the capacitor, threaded through the center of the hollow 
mandrel on which the capacitor strips are wound.  This results in both wires, each attached to 
one schooping metallization, being at the same end for external connection.   
Provided the resistance of the schooping metallization is negligible (Ropa and Glaize, 1994), 
current conduction at low frequencies will be essentially uniform over the cross section (X–X) 
Fig. 3.2   Diagrammatic model of a double–end connected spiral–wound cylindrical 
capacitor. 
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of the capacitor cylinder and will be parallel to its axis.  Current is assumed to be symmetrical 
and radial in the schooping at each end. 
Ropa and Glaize, (1994) have shown that the net magnetic field generated by perfectly 
symmetrical radial currents in the schooping, are zero resulting in zero inductance. 
For the purposes of the derivation and considering the low operating frequencies of power 
capacitors, we will also assume that the current is uniformly distributed in the central return 
wire. 
The diameter of the central return wire or conductor is important to minimize inductance.  
The space between r0 and r1 represents a flux path for stray magnetic fields resulting in 
equivalent inductance added to the circuit.  The following inductance analysis is based on the 
method used by Ropa and Glaize (1994). 
3.3.1.1 Inner wire internal inductance 
Assuming the current density in the central conductor is J0, the magnetic field intensity inside 
the conductor according to Maxwell–Ampere second law of electromagnetic induction is: 
Which evaluates to: 
Since the total current in the wire is I, the current density J is equal to I/(pir2). Assuming 
uniform current density, the electromagnetic induction (H0) within the wire at radius r is given 
by: 
Stored energy δW0 in the annular band of width δr within the wire is given by: 
(3.8) 
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Substituting (3.10) into (3.11) and integrating between zero and r0 gives: 
This is equal to 0.5L0 I2 where L0 is the wire inductance, so that: 
Equation (3.13) shows that the internal inductance of the wire is independent of wire diameter 
at low frequencies. 
 
3.3.1.2 Annular gap inductance 
The annular gap between the outer diameter of the internal wire and the inner diameter of the 
spiral–wound capacitor is depicted in Fig. 3.3. 
The magnetic induction H1 in this annular gap occupied by air and the mandrel, between r0 
and r1 is given by: 
Fig. 3.3   Annular gap between return wire and inner diameter of the metallised 
capacitor coil. 
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Stored energy δW1 in a concentric annular band of width δr and radius r within the gap is 
given by: 
Substituting (3.15) into (3.16) and integrating between r0 and r1 gives: 
Equating this to energy stored in an equivalent inductor L1 gives: 
 
3.3.1.3 Capacitor winding thickness inductance 
The magnetic induction H2 in the layers of the capacitor winding between r1 and r2 is 
composed of the induction due to the central wire minus the induction due to the net 
capacitor–layer current enclosed by the line integral – in this case a circle of radius r centred 
on the axis of the capacitor.   
Assuming uniform current density distribution in the capacitor layers, the net induction is 
thus: 
It can be seen from (3.18) that the magnetic induction at the outer radius (r2) of the capacitor 
is zero and there is no external magnetic field. 
Stored energy δW2 in the annular band of width δr within the capacitor layers is given by: 
(3.15) 
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Substituting (3.18) into (3.19): 
Expanding: 
Re–arranging: 
Simplifying: 
Re–arranging for integration: 
Integrating between r1 and r2: 
Rationalizing: 
(3.26) 
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(3.22) 
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The energy stored in an equivalent inductor L2 is also given by: 
Equating (3.26) and (3.27): 
 
Equations (3.13), (3.17) and (3.28) respectively give the inductance due to the wire core, the 
annular space between the wire and the inside diameter of the capacitor roll, and the roll 
between its inner and outer diameter.   
It is instructive to calculate inductance values for a typical capacitor. 
As can be seen in Table I, the overall inductance of the capacitor is largely determined by the 
size of the annular gap between the wire and the inner diameter of the capacitor winding.  
Increasing the diameter of the wire from 0.61 mm to 8.95 mm matching that of the inner 
diameter of the capacitor winding, reduces the overall inductance by about a factor of 4 in this 
case.  This would double the self resonance frequency of this capacitor.  The use of a thin 
cylinder as a return conductor instead of a small diameter return wire would significantly 
reduce capacitor self inductance and raise the self–resonance frequency of cylindrical 
capacitors with double–end connection and a central return conductor. 
Table I  Inductance of sections of the electrical path of a cylindrical 
capacitor connected at both ends with central return wire. 
(3.28) 
(3.27) 
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Wire D. Total
(mm) (nH) (%) (nH) (%) (nH) (%) (nH)
0.61 1.95 7.1 20.90 76.6 4.42 16.2 27.3
1.22 1.95 8.9 15.50 70.9 4.42 20.2 21.9
2.44 1.95 11.8 10.11 61.4 4.42 26.8 16.5
4.88 1.95 17.5 4.72 42.6 4.42 39.9 11.1
8.95 1.95 30.5 0.00 0.0 4.42 69.5 6.4
L wire L annular L winding
Capacitor: 8uF, ID=8.95mm, OD=26.5mm, Length=38.9mm, 
wire diam = 0.61mm
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In Appendix C, a trial is described that uses an assumed distributed inductance of 17.6µH/sq.  
necessary to match the frequency of the measured first resonance peak of a typical capacitor.  
Using this value and diffusion equation modelling, graphs of power, input impedance and RES 
for a 6.4 µF, 8 Ω/sq., 800 sq., 35 mm long capacitor are derived.  The distributed inductance 
of 17.6 µH/sq. corresponds to 780 nH/m or 22 nH for this 35 mm long capacitor.  This is 
similar to the net lumped inductance calculated in Table I.  However theoretical analysis 
shows that the actual levels of distributed inductance are very much less than these values 
(Ropa and Glaize, 1994). Thus the series–parallel resonances shown hypothetically in 
Appendix C are in practice, not possible at the low frequencies typical of low power MPP 
capacitors.   
3.3.2 Double–end connected capacitor with no central return wire 
The internal inductance of a conductor, represented by the capacitor body and attached wire, 
is independent of diameter as shown in (3.13) and is 50 nH/m. 
The inductance represented by the external field of the capacitor body and wire is dependent 
on the magnetic flux return path.  Capacitors are often placed on printed circuit boards or laid 
on a metal base as shown in Fig. 3.4.  
In order to obtain a measure of the magnitude of the inductance of the circuit, a simplistic 
model of an infinitely long round conductor of diameter d, corresponding to the capacitor roll, 
is placed distance h above a non–magnetic ground plane.  It then has an inductance in Henry 
per meter given by:  
(Williams 1995, p. 272). 
Fig. 3.4   Double–end connected capacitor above a ground plane. 
(3.29) 
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Putting h=15 mm and using the capacitor described in Table I with d=26.5 mm gives an 
inductance of 163.4 nH/m.   
For the capacitor length of 38.9 mm, this corresponds to a lumped inductance of 6.36nH.  
Combined with internal inductance, the total becomes 8.3nH.  The inductance due to the 
external wires connected to the schooping must be added to this value to get a measure of the 
total value for a typical circuit. 
3.3.3 Inductance of circumferentially connected capacitor metallization 
The metallic layers may be isolated from direct connection to the schooping edge due to 
corrosion or other forms of edge disconnection. 
It is assumed that the two apposing layers are disconnected for identical lengths meaning that 
the out and return currents match exactly.  Part of a sectional view of the wound capacitor is 
shown in Fig. 3.5.  It should be noted that the conducting metallic layers shown 
diagrammatically, are in fact very close together, typically spaced around 8 µm apart. 
As the forward and return current is virtually identical in alternate layers, the external fringe 
field will be very limited and most of the inductance will be due to flux in the gap between 
metallic layers (Brown 2005a).  As this gap, filled by the dielectric, is very small the 
distributed inductance can also be expected to be very small. 
Fig. 3.5   Diagrammatic representations of forward and return current paths in a 
circumferentially connected capacitor section. 
Metal Layer 2 
Forward current Return current 
Inter–layer flux 
area;  dielectric 
Metal Layer 1 Currents 
Fringing fields 
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Magnetic 
induction 
X 
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(3.30) 
(3.31) 
 
To derive a value for equivalent series inductance (L) an elemental section of two adjacent 
metal layers from Fig. 3.5, shown in Fig. 3.6, is deployed.  Although curved, with typical 
dimensions, the curvature for an elemental section is miniscule and the sections are shown as 
straight for diagrammatic simplicity. 
In this example, the gap occupied by the dielectric is 8x10–6 m, and the strip width in the x 
direction is 35 mm.   
The energy (W) stored in the magnetic field within the cross–hatched box is given by:  
where µ is the magnetic permeability and H is the magnetic field intensity. 
By the Maxwell–Ampere law: 
In this configuration, with similar loops surrounding the loop depicted in Fig. 3.6 and ignoring 
fringing at the ends of the strips having dimension around 8 µm, the total flux path–length is 
x, the width of the metallization.  The flux return path may be ignored being composed of an 
aggregate of similar loops of the same and opposite sense (in the adjacent layer for example), 
resulting in zero net external macro–field. 
Fig. 3.6   Model current in a loop of inter–metallic insulation. 
δz 
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Therefore: 
Re–arranging (3.32) and substituting into (3.30) gives: 
But the energy is also given by: 
where L is the loop inductance. Combining (3.33) and (3.34): 
In this example, x is 0.035m, y is 8×10–6m, and µ is 4pi×10–7 giving L=2.872×10–10 Henry/m.  
This is the distributed series inductance in the model for balanced circumferential currents. 
For a typical capacitor winding, each of the two metallised strips may have a length around  
28 m giving a total distributed inductance of 8 nH for the capacitor with “full” edge 
disconnection.  Corresponding total resistance for an 8 Ω/sq. metallised films is 12,800 Ω and 
total capacitance is around 8 µF. 
At 500 kHz, the distributed inductance represents an impedance of 9.02x10–4 Ω/m whilst the 
net resistance for the two metallised layers is 114.3 Ω/m for 2 Ω/sq. metallization and  
571.4 Ω/m for 10 Ω/sq. metallization.  Therefore, for balanced circumferential current, the 
impedances of series distributed inductances in the typical low frequency power capacitors 
considered in this study are negligible in comparison to resistive impedance. Circumferential 
distributed inductance was therefore ignored in this research. 
3.4 Effect of skin depth and non–uniform current distribution 
Low power cylindrical capacitors typically self–resonate at frequencies between 100 kHz and 
500 kHz, depending on the connection configuration and the magnitude of the capacitance.  
Skin depth at 500 kHz in aluminium is around 0.118 mm.  Individual metallised layers which 
typically have thicknesses of 20 nm, will therefore be unaffected by skin depth, but the central 
(3.32) 
(3.34) 
(3.35) 
(3.33) 
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wire will have increased resistance and reduced internal inductance due to skin effect  
(Holt 1963, p314).  Since the resistance of the solid copper wire typically used in low power 
capacitors is very much less than 1 Ω/m., changes in this resistance value due to skin effect 
can be expected to have little effect on the overall performance of the capacitor. 
Using, as an example, a capacitor of 61.7 µF with a diameter of 38 mm and length of 75 mm, 
Joubert et al. (1994) have theoretically shown that current distribution in the body of the 
cylindrical capacitor can be considered uniform at frequencies up to least 50 kHz.  However, 
by about 500 kHz, the theory indicates that the current distribution tends to be concentrated in 
the middle radii.  Thus the assumptions of uniform current distribution used for equivalent 
inductance calculation, may be affected unpredictably above around 100 kHz.   
The position of the wire connection to the schooping also has impact on modelling near the 
self resonance frequencies (Joubert et al. 2004).   
In practice, the connecting wire is typically soldered to a point anywhere between the inner 
and outer diameter of the schooping disk, inevitably resulting in asymmetrical current 
distribution in the disk.  This will affect the uniformity of current in the capacitor body at 
higher frequencies and therefore will affect the assumption of zero equivalent inductance of 
the schooping end–caps. 
The veracity of findings regarding non–uniform current distribution in the body of the 
capacitor is unproven and further work is needed.  For the purposes of this research, limited to 
low frequency power capacitors, current distribution in the capacitor body and in the end caps 
was assumed to be uniform as declared earlier in this report. 
3.5 Summary of Assessment of Inductance of Cylindrical Capacitors 
In this chapter, it was shown that the distributed inductance of a typical metallised 
polypropylene capacitor is negligible compared to the typical inductance of leads and 
packaging associated with the capacitor.  Such inductance was shown to be effectively 
represented as lumped inductance in series with the capacitor. 
Distributed inductance of dual overlaying circumferentially connected film strips in a typical 
MPP capacitor was also found to be negligible in effect. 
It was found that the overall inductance of a double–end connected capacitor can be 
significantly reduced by minimising the size of the internal annular gap between the central 
return wire and the inner diameter of the capacitor.  This was most readily achieved by 
increasing the diameter of the return wire or making this return conductor in the form of a 
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metal cylinder nearly equal in diameter to the internal diameter of the capacitor.  Analysis 
showed that the self resonance frequency of the capacitor analysed in this study, can be 
doubled by this method. 
It was also confirmed that the internal return wire connection method effectively cancels the 
external field of the cylindrical capacitor and is preferred for this reason.   
The same capacitor over a ground plane and without central return wire had less inductance 
than the configuration with a central return wire but the added inductance of the external 
wiring required to complete the capacitive loop would add to the values obtained.   
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Chapter 4:  Empirically–Derived Formulae and Equivalent Circuit 
Modelling of a Capacitor 
4.1 Introduction 
The traditional RLcg series equivalent circuit of a capacitor has fixed–value components.  
Whilst in general being a good approximation to real capacitor behaviour at low frequencies, 
the equivalent circuit is not effective when the characteristics of a capacitor change with 
frequency.  Well known changes are skin effect and uneven current distribution due to 
electromagnetic fields.  Both these phenomena tend to occur beyond the frequency range of 
low power capacitors and are not modelled in this research study.  Less obvious are the filter 
effects of the distributed R–C elements of a distributed capacitor model which progressively 
isolate capacitor metallization most distant from the input.  This results in changes in overall 
capacitor parameters with frequency. For capacitors that have lost direct edge connection the 
effective series resistance will be much higher than for the same strips with direct edge 
connection, causing the associated R–C poles to move much lower in the frequency spectrum. 
Formulae defining the R–C filter effect and the relationships of equivalent series resistance 
and equivalent series capacitance to frequency and properties of metal film resistivity, 
capacitance per unit area and capacitor geometry, are developed in this chapter. 
A capacitor model with both electrical connections at the same end of the metallic films is 
used for the modelling.  The nominal strip width is assumed to be 35 mm.  Length (n) is in 
terms of this width in squares.  Metal film resistivity (R) and capacitance (C) per unit square 
are varied to obtain a family of curves as needed for the empirical derivations and curve–
fitting. 
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4.2 Capacitor Equivalent Circuit 
4.2.1 Equivalent Series Resistance (RES) 
A family of curves for equivalent series resistance of a capacitor, derived from distributed 
circuit, diffusion equation modelling with various values of R, C and n, is shown in Fig. 4.1.  
The curves display a classical Bode–plot characteristic but the falloff is proportional to the 
square root of frequency.  This falloff is due to progressive disconnection of the metallic film 
most distant from the input terminals due to R–C filtering arising from the distributed 
capacitance and resistance of the metallised strips.  The total capacitance is nC where C is the 
capacitance between a unit square and the two adjacent films in the stack above and below the 
film in question. 
A characteristic curve as shown in Fig. 4.1 can be modelled by an equation of the form: 
Fig. 4.1   Equivalent series resistance determined by distributed circuit, diffusion 
equation modelling of capacitor with connections at one end of the metallised strips.  
Resistance is per square; capacitance is overall strip capacitance. 
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where f is frequency and a and b are functions of n, R and C.   
The pole frequency is b. 
It is well known (Picci and Rabuffi, 2002; Xiaguang Qi, 2004) that at low frequency, when 
f<<b, the total RES of a distributed capacitor with two uniform metallised strips, is given by:  
Combining (4.1) and (4.2) with f<<b gives: 
or: 
Substituting (4.4) into (4.1): 
The problem then is reduced to finding the dependence of “a” on R, C and n. 
For a frequency very much greater than the pole frequency (4.5) becomes: 
As evident in Fig. 4.1, the pole frequencies in the case under study are between approximately 
ten and one hundred Hertz implying that a frequency of 1 MHz is suitable for evaluation of 
(4.6). 
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The limit values shown in Table II are obtained for RES at 1 MHz by distributed circuit 
modelling. 
Table II  Relationship between equivalent series resistance and physical parameters. 
 R(Ω/sq) C(nF/sq) n(sq) RES(Ω) Ratio 
1 8 8 800 12.61566261  
2 1.6 8 800 5.641895835 1/2.236067977 
3 1.6 40 800 2.523132522 1/2.236067977 
4 1.6 40 160 2.523132522 1 
5 8 8 800 12.61566261 5 
6 8 1.6 800 28.20947918 2.236067977 
“Ratio” is the ratio of the value of RES in that row, to the 
value in the row immediately preceding. 
From the first row to the second row, R is reduced by a factor of 5 and as a consequence, RES 
is reduced by a factor of √5 or 2.23067977.  This implies that RES is proportional to R 0.5. 
Rows 3 and 4 indicate that RES is not dependent on n at high frequency. 
In rows 5 and 6 R is held constant but C is reduced by a factor of five.  RES increases by a 
factor of √5 indicating that RES is proportional to C–0.5.  This relationship is also exhibited 
between rows 2 and 3. 
From (4.6) these relationships may be expressed: 
where d is a constant. 
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Thus:  
Substituting (4.7) into (4.5): 
It is then necessary to evaluate “d”.   
Re–arranging (4.8):  
Data from Table II are used together with (4.10) to generate Table III.  Frequency is 1 MHz. 
Table III  Evaluation of constant for equivalent series resistance formula.  (f=1MHz). 
 R(Ω/sq) C(nF/sq) n(sq) RES(Ω) d 
1 8 8 800 12.61566261 0.3989422804 
2 1.6 8 800 5.641895835 0.3989422804 
3 1.6 40 800 2.523132522 0.3989422804 
4 1.6 40 160 2.523132522 0.3989422804 
5 8 8 800 12.61566261 0.3989422804 
6 8 1.6 800 28.20947918 0.3989422804 
R and C are per square area.  Each square is 35mm in this example. 
As can be seen, d is invariant for changing conditions of R, C and n.  It is also notable that 
0.3989422804 is equal to (2pi)–0.5. 
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The form of (4.9) can be changed by substituting d=2k: 
where k=0.1994711402     (or (8pi)–0.5) 
 
4.2.2 Equivalent Series Capacitance (CES) 
 The graphs of Fig. 4.2 describe the predicted equivalent series capacitances, derived using 
distributed circuit modelling, of capacitors with both plates driven from one end.  The graphs 
are computed for various combinations of R, C and n. 
Fig. 4.2   Equivalent series capacitance as predicted by distributed circuit 
modelling.  Resistance and capacitance are per 35 mm square. 
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As with the plots for RES, the CES plots display a classical bode plot characteristic, falling off 
with the square–root of frequency and having the form: 
where p and q are functions of R, C and n. 
For f<<q  (4.12) becomes:  
At low frequency, CES must equal nC, the total low frequency capacitance. 
Therefore from (4.13): 
Substituting (4.14) into (4.12): 
For frequencies very much higher than the pole frequency: 
(4.12) 
(4.13) 
(4.14) 
(4.15) 
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As evident in Fig. 4.2, a suitable frequency to evaluate (4.16) is 1 MHz, well above the pole 
frequency.  Following the procedure used for determining the relationships between RES and 
R, C and n, Table IV is derived using distributed circuit diffusion equation modeling at a 
frequency of 1 MHz.   
Table IV  Relationship between equivalent series capacitance and physical parameters.  
(f=1MHz). 
 R(Ω/sq) C(nF/sq) n(sq) CES(F) Ratio 
1 8 8 32 1.261566E–08  
2 8 8 160 1.261566E–08 1 
3 8 8 800 1.261566E–08 1 
4 8 1.6 800 5.641896E–09 1/2.236067977 
5 8 8 800 1.261566E–08 2.236067977 
6 1.6 8 800 2.820948E–08 2.236067977 
7 1.6 40 800 6.307831E–08 2.236067977 
“Ratio” is the ratio between the values of CES in a row with that of the 
preceding row.  R and C are per square area.  The square area has a 
dimension of 35mm in this example. 
Note: 2.236067977 is numerically equal to √5 
Rows 1, 2 and 3 indicate that CES is independent of n at this frequency. 
Comparing row 3 to row 4 indicates that CES is proportional to C 0.5 since a five–fold 
reduction in C results in a √5 reduction in CES.  This is reinforced by similar change in CES 
between rows 6 and 7. 
A five–fold reduction in R from row 5 to row 6 results in a √5 increase in CES indicating CES is 
proportional to R–0.5. 
From (4.16), these relationships may be expressed: 
where m is a constant. 
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Or: 
Substituting for p in (4.15): 
Although (4.19) may be used to determine m, it is sufficient to use a simplified equation 
assuming a frequency well above the pole frequency.  The previously used frequency of  
1 MHz is suitable.   
Equation (4.19) becomes: 
Re–arranging: 
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In order to determine the value of m, data from Table IV is used in (4.21) to produce Table V 
at a frequency of 1 MHz, well above the pole frequencies exhibited in Fig. 4.2. 
Table V  Constant for equivalent series capacitance formula (f=1 MHz) evaluated from 
data obtained from diffusion equation modelling. 
 R(Ω/sq) C(nF/sq) n CES(F) m 
1 8 8 32 1.261566E–08 0.3989422804 
2 8 8 160 1.261566E–08 0.3989422804 
3 8 8 800 1.261566E–08 0.3989422804 
4 8 1.6 800 5.641896E–09 0.3989422804 
5 8 8 800 1.261566E–08 0.3989422804 
6 1.6 8 800 2.820948E–08 0.3989422804 
7 1.6 40 800 6.307831E–08 0.3989422804 
As can be seen, m is not dependent on R, C or n. 
It is apparent that the numerical value of m is equal to 2k. 
Substituting m=2k, into (4.21): 
The format of the equation for CES is thus similar to that for RES (4.11) except the pole is at a 
lower frequency. 
(4.22) 
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4.2.3 Dissipation Factor 
For a capacitor equivalent circuit of series resistance and capacitance, dissipation factor (DF) 
is given by: 
Substituting (4.11) and (4.22) into (4.23): 
Plots of DF obtained from distributed circuit analysis for various combinations of R, C and n, 
are shown in Fig. 4.3. 
Examination of (4.24) shows that if the product of RCn2 is constant, then the graphs for DF 
Fig. 4.3   Dissipation factor as determined by diffusion equation (distributed circuit) 
modelling.  Resistance and capacitance in units per 35 mm square.  Length in squares. 
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will be identical thus accounting for the exact overlay of several of the graphs in Fig. 4.3. 
The dissipation factor clearly has two frequency regimes; the lower frequency band where 
2
24
RCn
kf <<  and the upper frequency band where 2
29
RCn
kf >>  
In the lower frequency band, the DF asymptotically rises monotonically with frequency.  In 
the upper frequency band the DF asymptote has the numerical value of one. 
In the upper frequency band (4.24) becomes: 
Since the DF as predicted by distributed circuit diffusion equation modeling, is equal to 1.0 in 
this region: 
This corresponds to the empirically–determined value for k in Section 4.2. 
Equations (4.11) and (4.22) can be converted to the standard canonical s–plane format. 
Substituting for k and converting, equations (4.11) and (4.22) become: 
 
and 
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4.3 Comparison of empirical formula and diffusion equation predicted capacitor 
parameters 
4.3.1 Fit of empirical formula–derived values of RES with diffusion equation 
results 
In Fig. 4.4 the solid lines depict the RES curves generated by (4.11 superimposed over the 
points generated from distributed circuit diffusion equation modelling.  As can be seen, the 
conformance between the results of the two determinations was excellent.  For comparison, 
the solid line is also shown for the distributed result for R=8 Ω/square, C=1.6 nF/square and 
n=800 square.  Some minor mismatching between the two can be seen around the pole region. 
Fig. 4.4   Fit of equation–predicted values of RES with diffusion equation results.  
Resistance and capacitance are per 35 mm square. 
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4.3.2   Fit of empirical equation values of CES with diffusion equation results 
Formula–predicted values for CES using (4.22) are plotted as the solid lines in Fig. 4.5 with 
markers representing values obtained from diffusion equation analysis.  It can be seen that the 
congruence between the results obtained using the two determination methods is excellent.  
Some disparity exists in the region of the pole as illustrated in the case of the upper trace 
where the distributed circuit trace is also shown.  The magnitude of formula–values compared 
to diffusion equation values, was typically 12% low in the pole region, but was virtually 
identical several decades in frequency away from the pole.  Typical maximum errors at  
1 MHz for the above figure were around 1×10–9 %. 
 
Fig. 4.5   Fit of formula–predicted values of equivalent series capacitance, with 
distributed circuit diffusion equation determined values.  Resistance and capacitance 
per 35 mm square. 
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4.3.3 Error Profile of Formula Determinations of RES and CES Compared to 
Diffusion Equation Determinations 
Trial determinations of RES and CES, using both diffusion equations and empirically–derived 
approximation equations, revealed that the error between the two is solely determined by the 
frequency relative to the pole frequencies of each. As can be seen in Table VI, wide variation 
in the values of R, C and n as shown in the first six rows of the table, had no effect on the 
error when the measurements were made at the pole frequency in each case.  The pole 
frequency of CES was at a frequency of 4/9 that of RES as can be seen by examining (4.11) and 
(4.22).  Thus the determination of error for CES in the first six rows of Table VI was also at a 
fixed frequency relative to its pole frequency.  Differences between the determinations by 
diffusion equations and by approximation formulae fell rapidly as the frequency moved away 
from the pole frequency, as illustrated in the last two rows of Table VI. 
pole 
freq 
R 
Ω/sq. 
C (F) n f(Hz) pole RES (Ω dif) RES 
(Ω form) 
R–Error % CES 
(F diff) 
CES 
(F form) 
C–Error % 
1 1.6 4.00E–08 800 8.743 762.20 717.56 –5.85631 2.322E–05 2.039E–05 –12.175 
1 8 8.00E–09 800 8.743 3811.01 3587.82 –5.85631 4.644E–06 4.079E–06 –12.175 
1 8 4.00E–08 160 43.713 762.20 717.56 –5.85631 4.644E–06 4.079E–06 –12.175 
1 1.6 8.00E–09 800 43.713 762.20 717.56 –5.85631 4.644E–06 4.079E–06 –12.175 
1 8 2.00E–07 32 218.566 152.44 143.51 –5.85631 4.644E–06 4.079E–06 –12.175 
1 4 2.30E–05 500 0.01557 1190.94 1121.20 –5.85631 8.345E–03 7.329E–03 –12.175 
0.01 1.6 4.00E–08 800 0.087 853.32 853.31 –0.00121 3.200E–05 3.200E–05 –0.00815 
0.01 8 8.00E–09 800 0.087 4266.61 4266.56 –0.00121 6.400E–06 6.399E–06 –0.00815 
 
Table VI  Errors between formula–determined and equation–determined RES and CES 
for various capacitors. 
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It is instructive to graph the error in formula–determined values of RES and CES relative to 
values determined by diffusion equations.  Shown in Fig. 4.6 where both parameters are 
plotted relative to their respective pole frequencies, the values determined by approximation 
formula were low compared to those determined by diffusion equations.  Maximum error was 
around –7% for RES and around –12.5% for CES.   
The error function was only dependent on normalized pole frequency and was independent of 
the values that made up the pole frequency.  The pole frequency was determined by the 
product of n2, RES and CES as shown in equations (4.11) and (4.22). 
Fig. 4.6   Error between formula–determined values of RES and CES compared to values 
determined by diffusion equations.   Normalized pole frequency is that of RES and CES for 
each respective plot.   
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4.3.4 Fit of formula–derived values of DF with distributed circuit diffusion 
equation results 
Shown in Fig. 4.7 are plots of DF derived from formula (4.24) and from distributed circuit 
models.  As can be seen correspondence between the results obtained using the two methods 
was very good with some incongruity in the pole or inflexion region. 
4.3.5 Summary of Empirical Formulae Results compared to Diffusion Equation 
Results 
Results for DF, RES and CES determined by empirical formula, matched those determined by 
diffusion equations, with vanishingly small error at frequencies an order of magnitude or 
more away from the pole frequencies arising from R–C filtering.  The maximum errors 
occurred close to the pole frequencies, where the formula predictions were lower than the 
diffusion equation determinations.   
Fig. 4.7   Fit of formula–predicted values of dissipation factor, with diffusion 
equation, distributed circuit–determined values.  “diff”=diffusion.  “form”=formula.  
Resistance and capacitance is per 35 mm square. 
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The error was determined by proximity to a normalized pole frequency irrespective of 
combinations of distributed resistance and capacitance values.  The peak error for the 
formula–determined values of RES was around –7%.  For CES the peak error was around –
12%.  All results were for single–end connected capacitor topology. 
 
4.4 Dielectric Loss 
At low frequency, losses in the metal conductors are less than losses in the dielectric and 
dissipation factor is dominantly determined by dielectric losses (Galperin and White, 1985; 
Lafferty 1992; Scarlatti and Holloway, 2001).  Dissipation factor plateaus typically at a value 
of around 0.0002 for polypropylene capacitors (Shaw et al. 1982; Seguin et al. 1998; Galperin 
and White, 1985; Anderson 1996).  A frequency–dependent resistor can be added to the 
traditional capacitor series equivalent circuit to model dielectric losses.  The value of the 
resistor has to be inversely proportional to frequency for the DF to remain constant (Lafferty 
1992; Brown 2006a).  A more comprehensive equivalent circuit model of a capacitor shown 
in Fig. 4.8 incorporates such a loss element |RD/f| in series with RES to model dielectric loss.  
In effect, the additional resistance together with RES, forms an overall equivalent series 
resistance encompassing dielectric losses and metal film ohmic losses. 
The modified equivalent circuit also depicts RS and LS for “source” or external impedance.  
Leakage conductance (GES) for polypropylene capacitors at 250C is typically quoted in data 
sheets as less than 2.5x10–11 mho for capacitors up to 20 µF and may therefore be neglected 
except for long term charge storage analysis (Appendix E, p. 224).  It is therefore ignored in 
this model. 
Fig. 4.8   Capacitor equivalent circuit with lumped (“source”) leakage inductance. 
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At very low frequency |RD/f| will be larger than the equivalent series resistance arising from 
metal film losses and will dominate overall RES.  Using this to simplify (4.23) and re–
arranging: 
This equation provides a ready means of calculating RD of a capacitor for a given low 
frequency dissipation factor.  The low frequency asymptotic dissipation factor value is set to 
whatever desired, in most cases around 0.0002 for high quality polypropylene capacitors 
(Galperin and White, 1985). 
For a typical MPP capacitor of 6.4 µF and a dissipation factor of 0.0002, RD=5 Ω.  Typical 
RES for the same capacitor may be 0.0023 Ω which RD/f will equal at around 2 kHz.  In 
practice, the fixed external connection resistance of the capacitor depicted as RS must be 
added to RES.  A typical value of 0.004 Ω for RS when added to RES brings the cross–over 
frequency down to around 790 Hz.  Below this frequency, RD dominantly determines DF 
which thus becomes constant with frequency as required for polypropylene dielectric 
capacitors.   
It is of interest to examine the effect on the overall dissipation factor of a capacitor, of a 
parallel conductance at its input, since parallel input discharge conductance may be 
deliberately added to a capacitor during manufacture or be generated during service by partial 
failure.   
(4.29) ||2 ESD C
DFR
pi
=
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4.5 Shunt Capacitor Conductance 
Discharge resistors are usually fitted across the input terminals of power capacitors to 
discharge dangerous voltages on the capacitors when they are not in use (IEEE Std. 18–2002).  
A typical value is 1 MΩ or lower for a capacitor of around 10 µF. 
In other circumstances, leakage conductances’ may form in a damaged capacitor with the 
formation of graphite deposits or similar conducting films within the capacitor body.   
At low frequency where capacitive reactance is high, the effect of shunt conductance is most 
likely to manifest itself.  At low frequency, the effects of series inductance may also be 
ignored resulting in the equivalent circuit of the capacitor shown in Fig. 4.9. 
The magnitude of capacitive impedance (reactance) of a 6.4 µF capacitor will be 1 MΩ at 
0.025 Hz.  Even with the effects of RES and RD/f, dissipation factor is very low, typically 
0.0002, so that the capacitor “internal” current through CES is leading the voltage by virtually 
90 degrees.  That is, the “internal circuit virtually consists of CES alone.   
Fig. 4.9   Low frequency capacitor equivalent circuit with leakage 
conductance. 
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If RD/f and RES are neglected, the dissipation factor of the capacitor is: 
For a typical commercial MPP capacitor in the range of 1 µF to 10 µF, the commonly stated 
magnitude of the DF is between 0.0002 and 0.001 at 1 kHz.  The DF, as determined by 
(4.30), is 0.0002 for a 1 MΩ bleed resistor with a 6.4 µF capacitor, at 125 Hz.  Below this 
frequency, the bleed resistor dominantly shapes the DF, with some contribution from the 
dielectric modeling resistance. 
Since the in–phase current through GES is unchanging with frequency, whereas the reactive 
current thought CES is inversely proportional to frequency, the dissipation factor, which is the 
ratio of in–phase current to reactive current, will rise as frequency reduces.  This implies a DF 
asymptote falling with frequency in the frequency region where GES dominantly determines 
the DF.  This is exemplified in (4.30). 
4.6 Dissipation Factor Bode Plot 
The self inductance of a commercial cylindrical capacitor is such to cause self resonance at a 
frequency between 100 kHz and 500 kHz for capacitors of around 6.4 µF.  Assuming a self 
resonance frequency of 200 kHz, leakage inductance is around 100 nH.  At this frequency, 
inductive reactance is 0.124 Ω.  RES for a 6.4 µF capacitor is typically around 0.015 Ω 
(Appendix F, p. 225).  This implies that the effect of self inductance on the characteristics of a 
normal, edge–connected capacitor at frequencies below about 10 kHz is negligible.   
Ignoring self resonance, the asymptotes for DF due to resistance and capacitance are shown 
diagrammatically in Fig. 4.10.  The falling characteristic (1 to 2) represents fixed in–phase 
current due to GES divided by reactive capacitive current which is increasing with frequency, 
resulting in a DF that decreases with frequency.  The plateau at low frequency (points 2 to 3) 
represents dissipation factor due to dielectric loss where a fixed amount of energy per 360–
degree cycle of electrical input is lost in the dielectric.   
(4.30) 
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G
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pi2
=
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Since dissipation factor can equivalently be defined in terms of the ratio of energy lost per 
cycle to the peak energy stored per cycle of input voltage, the DF in this region is thus 
independent of frequency.  Constant dissipation factor at low frequency is a characteristic of 
capacitors using polypropylene dielectric. The resistor RD divided by frequency models the 
dielectric loss to produce constant DF.   
Region 3 to 4 models the DF determined principally by the ohmic losses in the metal films in 
the capacitor.  Since RES is typically constant in this region, the ratio of RES to the reactance of 
the capacitor which falls linearly with frequency, corresponding to the DF, rises 
proportionally with frequency. 
Both RES and CES fall with the square–root of frequency from point 4 onwards, producing a 
constant DF factor asymptote between points 4 and 5.  When RES falls to values below that of 
the effective source resistance RS, the DF increasingly is determined dominantly by the 
constant external RS thus generating the asymptote from 5 to 6 and onward.  The asymptote is 
proportional to √f as the CES continues to fall with √f.   The reduction in effective capacitance 
with frequency results in overall capacitive reactance falling with √f instead of with f in this 
region. 
The low frequency values of RES and RS are typically of the same order for small power 
capacitor installations, resulting in points 4 and 5 being close together. 
Fig. 4.10   DF frequency asymptotes of a normal capacitor. 
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Effective source self–inductance typically results in self–resonance in the region of the 
curve between points 3 and 4.  However, for long strips of circumferentially connected 
capacitors, self resonance is typically not evident due to drastic and ongoing reduction in 
capacitance value with √f, placing typical resonance frequency in the multi–megahertz region, 
well outside the frequencies applicable to small power capacitors. 
4.7 Input Impedance and Capacitor Equivalent Length in Upper Frequency Band 
For 2
1||
RCn
s >>
 which by definition is in the upper frequency band, (4.28) becomes: 
where ω=|s| (rad/s). 
This can be equated to an equivalent length nE of concatenated squares, each of capacitance 
C, by: 
Thus, the equivalent length of a strip of concatenated squares is given by: 
This shows that in the upper frequency band, the effective length of a capacitor is inversely 
proportional to the square root of the product of frequency and distributed resistance and 
capacitance. This can be correlated with the finding of Gully (1996) who determined an 
inverse half power relationship between effective length and distributed resistance and 
capacitance.  
(4.31) 
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The expression for the magnitude of the input impedance ZI of a capacitor derived from (4.27) 
and (4.28) in this frequency band is: 
This shows that the magnitude of ZI falls with the square root of frequency in the upper 
frequency band.  This contrasts with the normal inverse dependence on frequency in the lower 
frequency band where RES and CES are constant.   
The first line of (4.34) indicates that the real and imaginary parts of ZI are equal, meaning the 
phase angle of ZI  in the upper frequency band is –450 independent of R and C. 
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4.8 Electrical Modelling of Two–Part Composite Capacitor 
As described in Section 2.6, due to loss of direct edge connection through corrosion or similar 
processes it is possible for a capacitor to have one part of its strip length connected directly to 
the schooping edge connection, and the other part circumferentially connected at some point 
deep in the capacitor winding.   
Thus the capacitor with partial edge disconnection may be modelled as hybrid of two separate 
capacitors connected in parallel, as depicted in Fig. 4.11.  The part still directly–connected to 
the schooping will have good high frequency characteristics and low loss, whereas the series–
connected part will have poor frequency characteristics and high loss. 
Externally, the hybrid capacitor will exhibit characteristics that are a composite of the 
characteristics of the two capacitors. 
Admittance parameters for the two separate parts may be added to obtain the characteristics of 
the combination.   
By definition NC+ND=n, the total length of the strip. 
Per unit χ of disconnected strip is given by: 
Fig. 4.11   Two–part capacitor caused by a corrosion–induced isolation gap 
next to the schooping edge connection. 
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Length is in units of the metallised strip width w. Unless stated otherwise, this is also used as 
the dimension of a “square”. 
Resistivity R (Ω/sq.) of the metallization is independent of the dimensions of the square. 
Capacitance C per equivalent square is equal to the total capacitance divided by n. 
4.8.1 Equivalent Circuit of Edge–Connected Part of Capacitor 
The portion of the capacitor (1–χ) with connection to the heavy edge (or schooping), is in 
effect NC capacitors in parallel, each of one square dimension. 
From (4.11), with n=1, equivalent series resistance (RES–1) of the still edge–connected part 
becomes: 
Similarly, from (4.22) equivalent series capacitance (CES–1) of the edge–connected part 
becomes: 
Combining (4.36) and (4.37), the dissipation factor of the still edge–connected part ( )1DF  
 is: 
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Substituting for k in the numerator and simplifying: 
Two pole frequencies are indicated in the denominator. It can be seen that if the frequency is 
very much greater than the pole frequencies, the dissipation factor is unity.  It is instructive to 
evaluate the pole frequencies for the connected part of a typical capacitor.  Assuming  
R=8 Ω/sq. and C=8 nF/sq., corresponding to a typical 6.4 µF capacitor having 800 square–
length strips, the lower pole evaluates to 2.5 MHz and the upper pole to 5.6 MHz.  This is 
well above the typical self resonance frequency of such a capacitor. Self resonance occurs 
between 100 kHz and 500 kHz for this type of cylindrical capacitor.   
Since self–resonance effectively defines the upper operating frequency limit of a capacitor, it 
is clear in this case that a capacitor with full edge connection normally operates in the lower 
frequency band of the empirically–derived equations. 
In this region equations (4.36) and (4.37) yield values for RES and CES of 0.0067 Ω and 6.4 µF 
respectively for the fully edge–connected capacitor. 
4.8.2 Equivalent Circuit of Circumferentially Connected Part of Capacitor 
From (4.11) equivalent series resistance of the edge–disconnected part becomes: 
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From (4.22) equivalent series capacitance of the edge–disconnected part becomes: 
 
Combining (4.40) and (4.41), dissipation factor of the disconnected part is: 
 
Substituting for k in the numerator and simplifying: 
 
Equations (4.40), (4.41) and (4.43) are similar in form with the corresponding equations for 
the edge–connected part, (4.36), (4.37) and (4.39) respectively. However, the pole frequencies 
are dramatically lower due to the 2DN  term in the equations for the pole frequencies.  This 
means that the bandwidth of the capacitor will be very much reduced by edge–disconnection 
and as frequency increases, the dissipation factor will reach a value of unity much earlier than 
if fully edge–connected.  Thus even small values of ND corresponding to small amounts of 
disconnection from the schooping will result in much increased losses and dissipation factor 
for the hybrid capacitor. 
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As an example, for 5% disconnected by corrosion, corresponding to a length (ND) of 40 
squares of the total 800 square length of the strips, the two pole frequencies of section 4.8.1 
corresponding to fully edge–connected strips, will be reduced from 2.4 MHz and 5.6 MHz to 
1.56 kHz and 3.5 kHz respectively.  The dissipation factor at 1 kHz attributable to metal film 
loss in the 40 squares section will increase from 0.000268 with no edge–disconnection, to 
0.41 with “full” edge disconnection. This is an increase of 1528 times. 
4.8.3 Equivalent Circuit of Composite Capacitor by Diffusion Equation Modelling 
In principle, a partially–disconnected capacitor can be modelled as two parallel capacitors as 
described in sections 4.8.1 and 4.8.2.  A single formula describing the resultant characteristic 
is complicated in form as the admittances of the equivalent circuits for each part of the hybrid 
must be added together.  The parameters of the composite capacitor are conveniently and 
most simply obtained by separate evaluation of each part and numerical merging of the 
results. 
4.9 Summary of Empirical Formulae and Equivalent Circuit Modelling 
Theoretical modelling described in this chapter revealed a distinctive pattern in the 
characteristics of equivalent series resistance, equivalent series capacitance and dissipation 
factor of single–end connected capacitors.  Frequency–dependent plots exhibited asymptotes 
proportional or inversely proportional variously to frequency or the square–root of frequency, 
combined with regions having constant asymptotes.  Both resistance and capacitance 
exhibited a low–pass behaviour but with the band edge asymptote falling with the square–root 
of frequency. 
Empirical formulae fitted to the theoretical curves for RES and CES closely approximated the 
results obtained from the much more complex diffusion equations.  The formulae provided 
simple relationships between capacitor equivalent circuit parameters and build parameters of 
metal film resistance, capacitance per unit area and physical geometry.   
It was demonstrated that the constant dielectric loss of MPP capacitors could be modelled by 
a resistance inversely proportional to frequency, placed in series with the capacitor equivalent 
series resistance.   
It was confirmed that the input impedance and effective length of a capacitor in the upper 
frequency band falls with the square root of frequency, consistent with the findings indicated 
by Gully (1996). 
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Lumped external or source resistance arising from electrical connections was shown to 
change the asymptote of the dissipation factor from a constant value to an asymptote rising 
with the square root of frequency at high frequency. 
Leakage resistance losses or resistive losses across the dielectric, modelled as a conductance 
across the input terminals of the capacitor, caused high dissipation factors at very low 
frequency.  The dissipation factor in this region was shown to exhibit an asymptote falling 
with frequency until a constant value asymptote defined by dielectric loss was reached.  
Further increases in frequency beyond the constant value asymptote resulted in resistive 
losses becoming dominant over dielectric losses causing the dissipation factor to rise with 
frequency. 
Modelling of degraded capacitors that effectively had became a two–part or hybrid capacitor 
due to the presence of a circumferential gap, revealed characteristics greatly altered from that 
of a capacitor having simple fully–intact edge connection to the schooping.  The frequency 
response of the part of the capacitor with circumferential connection was found to be 
inversely proportional to the square of the disconnected length.   
The effective length and input impedance of the edge–disconnected strip was shown to be 
inversely proportional to the square root of frequency. 
The pole frequencies for RES and CES of the disconnected part reduced with the square of the 
length of edge disconnection.  As little as 5% edge–disconnected of the length of the two 
overlaid strips caused the pole frequencies for that part to fall from radio frequency to audio 
frequency in the typical capacitor examined. 
The external characteristics of the capacitor were shown to be a composite of the remaining 
normal edge–connected part and the edge–disconnected part. 
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Chapter 5:  Thermal Modelling 
5.1 Introduction 
Most manufacturers limit the maximum internal operating temperature of polypropylene 
capacitors to 850C (Appendix D p. 223; Appendix E).  Others provide thermal resistance 
values to allow calculation of hot spot temperatures for various conditions of frequency and 
voltage (Appendix F, p. 225).  Thus the need to strictly limit the temperature reached by the 
polypropylene dielectric is well know.   
The effect of metal film edge disconnection on temperature rise in a typical cylindrical 
capacitor has not been generally recognised or reported in the literature (Brown 2006a, 
2006c).  The existence and effect of remnant vestiges of metallization through which heavy 
currents may flow, is also not reported in the literature. 
In this chapter, formulae are developed describing the increase in internal temperature due to 
metal–edge disconnection in a cylindrical capacitor.  Two models are used; the first for 
circumferentially connected metallised strips with the surviving electrical connection at the 
mandrel of the capacitor; the second for a vestigial link bridging a corrosion gap in the heart 
of the winding laminations. 
In the first model, the means of determining a radial temperature profile is described with the 
most important information being the peak temperature, which occurs at the mandrel.  It is 
assumed that negligible heat flows radially inward in the cylindrical capacitors, because such 
heat flow is impeded by very poor thermal connection of the axis of the capacitor to the 
outside.  Similarly, axial heat flow is ignored since the distances are typically much greater 
than in a radial direction. In addition heat generation is uniformly distributed along the 
capacitor axis tending to form a uniform temperature profile along this axis. This lack of axial 
temperature gradient at the centre between the two ends of the capacitor, tends to force the 
heat generated there to flow in a radial direction.  An additional factor acting to limit axial 
heat flow is that at least one end–cap typically has poor thermal connection to the outside 
because it is pressed firmly against the bottom of the plastic housing of the capacitor.   
In this section, temperature rise relative to the surface of the capacitor cylinder is modelled.  
The flow of heat from that surface through the capacitor case to the outside is not modelled 
but will add substantially to the total temperature reached in the core of the capacitor. 
Chapter 5: Thermal Modelling 
 
—            — 
 
90 
Electrical current in vestigial metal links inside a capacitor may also result in substantial 
increases in temperatures inside a capacitor. Modelling of a hypothetical square remnant of 
metallization linking two larger areas of metallization, presumes the remnant to be at a point 
half way between the inner and outer radii of the capacitor windings where heat dissipation 
may be expected to be most impeded.  In addition, this vestigial link is assumed to be halfway 
between the end–caps of the winding.  This positioning is thus worst–case with maximum 
thermal resistance between the heat–producing link and the outside.  To simplify the 
mathematical treatment the flat vestigial link is modelled as a small uniform–temperature 
sphere of diameter equal to the width of the link.  In addition, the hot sphere is presumed to be 
at the centre of another sphere composed of insulating layers of capacitor laminations.  The 
diameter of this sphere is made equal to the total radial thickness of the capacitor winding.  
Thermal resistance is presumed to be isotropic even though the metallization effectively 
halves the thermal resistance in the axial direction.  The value of the thermal resistance in the 
radial direction is used for that of the surrounding sphere as the distance to the outside in the 
axial direction is normally much further than in the radial direction, thus negating the lower 
thermal resistance in that direction. 
The temperature at the surface of the hypothetical thermal insulating sphere is presumed to be 
equivalent to that at the surface of the actual capacitor cylinder.  This approximation is 
justified on the basis that most of thermal impedance will be concentrated in the closest layers 
to the hypothetical hot sphere where the cross–sectional area of the thermal path is at a 
minimum. Thus the outer radii of the surrounding polypropylene laminate are less important 
in determining temperature rise.  Thus the area immediately surrounding the heat source will 
dominantly determine the maximum temperature reached and modelling using a sphere in 
place of the more complex cylindrical surrounding can be expected to yield representative 
results despite the model approximation.  A further justification for the simple spherical 
model, is that the positioning and shape of an actual vestigial link can be highly varied leading 
to very complex and variable thermal modelling. The variable proximity of the end–caps, 
mandrel and outer surface engender difficulties that make the benefits of more elaborate 
modelling tenuous.  Thus more complex modelling is not justified for the purposes of this 
investigation.   
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5.2 Temperature rise due to partial edge disconnection 
The configuration employed for thermal modeling consists of a cylindrical capacitor as shown 
in Fig. 5.1, with corrosion–induced partial disconnection progressing from the outer end of 
both metallised strips toward the core of the capacitor.  The corroded section is depicted by 
the dotted spiral line and the remaining still–connected metallization is depicted by the 
heaviest spiral line.  The second layer has a similar profile but on the other end of the 
cylinder. 
It is assumed both strips are disconnected for the same length and the remaining metallization 
in both layers overlay each other perfectly.  For worst–case analysis, heat generated due to the 
current flowing circumferentially along the strip, is considered to diffuse thermally in a radial 
direction through the layers of polypropylene/metal film composite.  Conduction back into the 
mandrel is ignored as this part of most capacitors has very poor thermal connection to the 
external environment. 
Axial heat flow is also ignored for simplicity, with the justification that for many cylindrical 
capacitors the ratio of winding thickness to axial length is much less than unity implying that 
most of the heat, especially from points close to the axial centers of the capacitors, will 
progress in a radial direction.  Axial heat flow is also typically restricted by packaging. 
Fig. 5.1   Modified current profile in a cylindrical double spiral–wound capacitor with 
partial edge disconnection progressing from outer diameter toward inner diameter. 
Point of end of remaining 
connection to schooping – point 
of heaviest current 
Diminishing circumferential current 
toward outer in remaining internal 
metallization of winding 
Metal film still 
connected at edge 
Radial heat flow 
Polymer 
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The study is limited to temperature rise within the capacitor relative to its external surface.  
The added effect of the capacitor housing on total temperature rise is not considered. 
Radial thermal resistance (RTH) is a composite of the thermal resistance of the aluminium 
RTH(Al) and the thermal resistance of the polypropylene RTH(PP).  The thickness of the 
aluminium is calculated from the electrical conductivity of the deposited film and is typically 
less than the actual thickness since the vacuum deposited layer is less dense than normally 
processed aluminium. 
For simplicity, no allowance is made for reduction in the width of the aluminium layer by 
corrosion implying that the circuit–breaking corrosion gap is vanishingly small in width. 
The following values are used: 
Thermal resistance of polypropylene (RTH (PP)) = 4.7619 K–m/watt, 
Thermal resistance of aluminium (RTH (Al)) = 0.004587 K–m/watt, 
Metal film resistivity (R) = 2.5865 Ω/sq 
Electrical resistivity of polypropylene (ρ(pp)) 14106×= Ω–m, 
Electrical resistivity of aluminium (ρ(Al)) 81071.2 −×=  Ω–m, 
Thickness of polypropylene (tPP) = 8 µm, 
Thickness of metal layer (tM ) = 10.48 nm. 
 
The calculated composite thermal resistance of the rolled capacitor in a radial direction (RTH) 
is 4.767 K–m/watt and in an axial direction, 2.021 K–m/watt. 
The net axial thermal resistance of the thin metal film is similar to that of the 764–times 
thicker polymer film, making the composite axial thermal resistance about half that of the 
polypropylene alone.  However, in the radial direction, the metal film has little effect on 
composite thermal resistivity.  Thus the capacitor is anisotropic with respect to thermal 
resistivity (El–Husseini et al. 2000). 
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The distribution of electrical energy dissipation along the circumferential length of the 
partially–disconnected strip approximately follows an approximate exponential shape from a 
maximum at the point of connection near the mandrel, to a minimum at the end of the strips, 
at the outer diameter of the capacitor (Brown 2006a).  A radial profile for power loss in the 
wound capacitor can be derived from this strip profile. The radial profile has a maximum near 
the winding mandrel and a minimum at the outer periphery of the capacitor. The radial flow 
of heat is depicted in Fig. 5.2. 
Assuming: 
• heat is generated uniformly along the axis of the capacitor, 
• at a given radius, the heat generated is constant (no circumferential gradient), 
• all heat flows purely radially out of the capacitor, 
• The width (w) of the capacitor is equal to the metallization width (w). 
The incremental rise in temperature δT is given by: 
Because of the complexity of a model equation for P(r), it is tedious to derive an analytical 
equation for the radial temperature profile from (5.1).  A solution is more readily obtained by 
numerical integration using values for power versus the lengthwise position (nw) along the 
strip, generated by distributed circuit diffusion equation analysis. 
Fig. 5.2   Mathematical model of radial heat diffusion toward outer diameter of a 
cylindrical capacitor.  P(r) is the sum of power dissipated within the cylinder of 
radius r and length w. 
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For graphing purposes, the radius r may be related to length nw by: 
where:  
t is the composite metal/polymer thickness of a metallised polypropylene film, 
w is the metallised strip width (m), 
R0 is the outer radius of the mandrel. 
5.3 Vestigial Link 
Derivation of the temperature profile around a heat–generating vestigial link is very complex.  
Heat is generated not only in the link, but in the adjacent metal film to which the link is 
supplying current.   
Thermal pathways are not isotropic and flow is affected by boundaries such as the schooping, 
depending on the location of the vestigial link.  Nevertheless, it is important to derive a 
measure of magnitude of the probable temperature rise.  A very simplistic model considers the 
link as a spherical heat source having a nominal diameter (2R3) equal to the link square 
dimension.  This heat source is then considered to be operating in isolation surrounded by a 
thermally insulating polypropylene sphere of diameter (2R4) equal to the total thickness of the 
capacitor layers between the mandrel and the outer circumference.  This approximation is 
depicted in Fig. 5.3.   
The thermal resistivity of the enclosing sphere is assumed to be that of the metallised 
polypropylene in the radial direction despite the thermal resistance in the axial dimension 
being around half the capacitor’s radial resistivity.  The assumption of the higher value of 
resistivity is justified on two counts.  In most cylindrical capacitors, at least one end is at the 
bottom of an insulating can or housing which inhibits heat flow in the axial direction at this 
end.  This results in higher thermal resistance in the axial direction compared to the radial 
direction.  Secondly, a vestigial link heat source may be further from the outside of the 
capacitor roll in an axial direction than in a radial direction, this again inhibiting heat flow in 
the axial direction compared to the radial direction of the capacitor.   
(5.2) 
5.0
2
0
2






+= Rtnwr
pi
Chapter 5: Thermal Modelling 
 
—            — 
 
95 
 
 
Considering the heat flow (P0) from the vestigial link to be purely radial and isotropic in the 
idealized enclosing sphere, the incremental rise in temperature, δTV is given by: 
Integration gives the temperature difference (TV) from the emitting sphere (radius R3) to the 
outer radius (R4) of the enclosed volume: 
 
Fig. 5.3   Model of spherical volume around a vestigial–link for determining temperature 
rise around the link.  Cut out is a plan view of a cross–section of the sphere centred on the 
link. 
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Chapter 6:  Results of Theoretical Electrical Modelling of Normal 
Capacitors 
6.1 Introduction 
In this chapter, the theoretical magnitude and spatial distributions of power, voltage and 
current across the width or length of the metallised strips within typical cylindrical capacitors 
is presented.  The results are derived from diffusion equation modelling and from lumped 
element or piecewise distributed circuit modelling.  The levels and spatial distributions of 
current density, voltage and power distribution for both circuit connection topologies are 
examined and compared.   
The capacitor equivalent circuit values are also calculated and compared for single–end and 
double–end connected circuit topologies.  Evaluations derived from discrete element 
distributed circuit modelling are contrasted with determinations derived using diffusion 
equations for single–end connected capacitors. 
Modelling in this section encompasses a frequency range exceeding the typical operating 
range of the MPP capacitors examined.  The results for the series capacitor equivalent circuit 
model are compared to results for the alternate parallel capacitor equivalent circuit model for 
the two capacitor connection topologies.  The effects of inductance and shunt conductance of 
the MPP capacitors are not included in the modelling as these components can be represented 
by external lumped equivalents additional to the R–C modelling developed in this chapter. 
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6.2 Equivalent circuit topology 
It has been shown in section 2.3.1 for double–end connected capacitor topology and in section 
2.3.2 for single–end connected connection topology that three–dimensional multilayer stacked 
capacitors can be represented by simple resistor–capacitor ladders.  The equivalent circuit of 
MPP capacitor with both electrical connections on the same side as depicted in Fig. 6.1, 
corresponds to the well known transmission line configuration and can be readily modelled 
using exact diffusion–equation analysis or with approximate lumped–element numerical 
methods. (Brown 2005c).  Although not shown in this circuit, distributed inductors and 
conductance elements can be readily incorporated in the ladder circuit.  In practice the 
magnitudes of these elements are very small or negligible in typical MPP capacitors (Sullivan 
2000). 
For numerical analysis, the approximation error incurred by using distributed lumped 
component to represent the continuum of distributed resistance and capacitance, diminishes as 
the number of elements is increased.  The practical limit on the number is determined by a 
trade–off between required accuracy in the result and ease of computation in a simulation 
package such as PSPICE.   
The accuracy of any particular single–end connected approximate equivalent circuit can be 
estimated by comparing its results to those of diffusion equation or transmission line 
modelling, which delivers ultimate accuracy.   
Fig. 6.1   Equivalent circuit A: ten–element lumped equivalent circuit across the width 
of a single–end connected capacitor strip.  R1 and R11 may be half the magnitude of the 
other resistors.  (See following text.) 
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However, the double–end connected equivalent circuit as depicted in Fig. 6.2, does not lend 
itself to such diffusion equation analysis and no simple solution is reported. In this connection 
topology, numerical methods are predominant in determining the electrical responses of the 
circuit.. The accuracy of any particular number lumped element circuit approximation to the 
distributed circuit continuum therefore cannot be directly checked using diffusion equation 
solutions. 
However, its is reasonable to infer its accuracy from that of the single–end connected model 
with the same number of stages, which can be checked against diffusion analysis results.  
The rows of resistors from 1 to 10 in the circuits of Fig. 6.1 and Fig. 6.2 experience a 
diminishing current profile from a maximum at input to virtual zero at the other edge of the 
metallised strip.   
In normal operation, a typical MPP capacitor is near–lossless implying that most of the input 
voltage is across the capacitor sub–elements and not across the resistive elements.  Thus all 
the capacitors distributed across the width of the metallised strip will experience virtually the 
full input voltage across their terminals. 
The capacitor sub–element currents will thus all be essentially equal in magnitude as 
previously described.  This results in the current  profile across the width of the metal film 
being linear from maximum in R1 at the input, to a minimum at R10, regardless of whether 
circuit topology A or B is used.  The bottom row of resistors will have an identical current 
profile, but reversed in direction to that of the top row in the case of circuit  
Fig. 6.2   Equivalent circuit B: ten element lumped equivalent circuit representation 
across the width of a double–end connected capacitor.  R1 and R20 may be half the 
magnitude of the other resistors.  (See following text.) 
Edge of metal 
film 
Edge of metal 
film 
R9R1
R11 R16
C3
R4
C8 C10
R3 R5
C7
R6
R12
C5 C6C4
R14
C2
R20R17
R2 R10
C1
R19
B: Double-end input
R13
Input
R15
R7
R18
C9
R8
Return wire 
Width of strip 
metallization 
0 1 2 3 4 5 6 7 8 9 10 
Node 
Chapter 6: Results of Theoretical Electrical Modelling of Normal Capacitors 
 
—            — 
 
99 
topology B. (the voltage drop profile will be essentially exponential with such a current 
profile.) 
This correspondence between circuits A and B infers that analytical results for circuit A, 
obtained for example through the use of diffusion equations, may be applicable to circuit B 
for most purposes.  There are considerable advantages in using diffusion equation modelling 
in preference to lumped element approximations. These advantages include high or ultimate 
accuracy and simplicity of application.  Since development of diffusion equations for circuit 
topology B is difficult, the promise of being able to use the diffusion results for topology A to 
model capacitors with topology B circuit connection, is particularly attractive.  The 
correspondence is assessed in Section 6.3. 
6.2.1 Refinement of the Lumped Element Equivalent Circuit Models for 
Numerical Analysis. 
The accuracy of any lumped equivalent circuit approximation to a physical continuum 
improves as the number of elements increases. In the limit, with an infinite number of 
elements, the solution is analytical corresponding in this case to a diffusion equation solution 
where the accuracy is maximum. The Model Diffusion analysis of Section 2.4 corresponds to 
the continuum used to develop analytical diffusion equation solutions. 
For solutions using numerical analysis, practicality limits the number of elements, in this case 
to 20 stages or less. The assumption that all stages of the ladder are identical then is no longer 
sustainable and steps must be taken to address this error–causing factor. To examine the 
nature of the difference in stages it is necessary to examine the physical configuration of a 
series of discrete sections in the capacitor strip, corresponding to a discrete ladder 
arrangement. 
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One representation of the physical dispositions of the two connection topologies of a capacitor 
is depicted in Fig. 6.3.   
This configuration of resistors and capacitors can be termed “capacitor–centric” as all mini–
capacitors are identical whereas the resistor closest to the input connection for each layer has 
a value half that of the other resistors.  The first resistor is halved in magnitude because it 
extends for half the linear distance straddled by the other resistors. This is clearly different to 
an assumed uniform resistor–capacitor ladder chain as depicted in Fig. 6.1 and Fig. 6.2. 
The corresponding circuit diagrams generated by repeating sub–circuits for the capacitor–
centric configuration of modelling for circuit topologies A and B are reproduced in Fig. 6.4.   
Fig. 6.3   Single–end and double–end capacitor connection topology with 
lumped equivalent resistive elements.  Capacitor–centric equivalent circuit. 
A. Single–end connection B. Double–end connection 
Connecting wire Metallic Film Distributed Mini–squares 
R/2 R R R 
Capacitor–centric 
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As can be seen, it is essential in numerical analysis methods to account for the half–value 
resistors at the connection terminals of the equivalent circuits of the two connection 
topologies. 
The capacitor–centric model is inconvenient for numerical modelling as it does not yield 
values for the cross–dielectric voltage at the point of external connection for the double–end 
connection topology and as the resistors are not identical, comparisons of cross–width power 
profiles for the two connection topologies is awkward. 
Fig. 6.4   Lumped equivalent circuits for single–end connected (A) and 
double–end connected (B) capacitors with capacitor–centric resistor values. 
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A “resistor–centric” model which is an equivalent dual to the capacitor–centric model, has all 
resistors the same value but half squares of metallization on each edge of the strip. The 
double–end connected model is depicted in Fig. 6.5.  This configuration provides a simple 
spatially linear power profile and yields cross–dielectric voltage values up to the metal film 
edge. 
This is the preferred model used in this work to obtain numerical solutions for comparative 
studies of salient capacitor parameters for single–end and double–end capacitor connection 
topologies. 
Fig. 6.5   Resistor–centric lumped element distributed model topology for double–
end connected capacitor.  C is the total capacitance per square area of metallization. 
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6.3 Metallised Strip Voltage, Current and Power Profiles for Single–end and 
Double–end Connection Topologies. 
PSPICE was used to analyse the cross–strip electrical profiles of a 6.4 µF capacitor having a 
metallization width of 35mm, a strip length of 800 squares and a spreading resistance of  
8 Ω/sq.   
Both single–end (A) and double–end (B) connection topologies were examined. A narrow 
fifteen stage cross–width micro–strip was used to develop the results.  This narrow strip 
corresponded to fifteen, 2.333 mm mini–squares across the width of the 35 mm metallisation.  
Resistor–centric modelling, as described in section 6.2.1, was used. Each whole mini–square 
had a resistivity of 8 Ω and a total capacitance to the identical second layer, of 35.556 pF.  
Since the whole 6.4 µF capacitor simply consisted of a multitude of these strips in parallel, 
results for the ministrip were then scaled where appropriate, to represent the whole capacitor.  
The thickness of the metal layer was calculated to be equivalent to a 3.3875 nm layer of solid 
aluminium corresponding to a sheet resistivity of 8 Ω/square. 
6.3.1 Cross–width metal strip voltage drop 
Across–metal voltage drop from the input schooping connection to the opposite end of the 
strip was virtually identical for both A and B models up to 10 kHz and within 0.1% at  
100 kHz.  The profiles are shown in Fig. 6.6.  At 1 MHz, the edge to edge voltage across the 
Fig. 6.6   Magnitude of voltage from the input side across the 35 mm metallised strip 
width for a 6.4 µF capacitor, for both single and double–end connection.  100 Vac input. 
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width of the metallization was 19.11 volt and 19.41 volt for the single–end connected 
capacitor strip and double–end connected capacitor strip respectively.  At 10MHz the results 
from the two models diverged significantly with cross–metallization voltages of 57.18 volt 
and 69.53 volt for single and double–end connected topologies respectively.  The 
corresponding cross–dielectric voltages were 27.16 volt and 44.15 volt.  It should be noted 
that for the double–end connected topology, the minimum cross–dielectric voltage occurs in 
the middle of the metallization width and is lower than the voltages at the edges.  On the other 
hand, for the single–end connected topology, the minimum cross–dielectric voltage occurs 
between the edges opposite the connection edges. 
6.3.2 Cross–width metal strip current density 
As can be seen in Fig. 6.7, the cross–width metal film current density profile was essentially 
identical and linear for both topologies up to a frequency of around 1 MHz.  Only above this 
frequency did the two results begin to diverge significantly and in the case of the profile for 
single–end connection, significantly vary from a straight line distribution.  Recalling that this 
capacitor self–resonates below 1 MHz, it is apparent that both circuit topologies could be 
effectively represented by the results of the single–end connected topology with some 
degradation in accuracy above 1 MHz. 
Approximation errors due to the finite number of distributed R–C stages used in this 
modelling resulted in the current in R15 not being zero as would be expected in practice at the 
edge of the overlaying metallised strips.  Similarly, the current in resistor R1 at the input side 
did not include the current into capacitor element C1 (Fig. 6.5).  Thus the maximum metal 
Fig. 6.7   Current density across one strip with metallization of 3.4 nm equivalent 
thickness and metal film resistivity of 8 Ω/square.  Input end of the 6.4 µF capacitor is on 
the left.  100 Vac input, 800 square overall length, 35 mm width. 
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film current density at the schooping input was in excess of 42 kA/cm2 at 10 kHz with 100 
volt ac input.  At 10 MHz, the hypothetical metal film current densities were 14,400 kA/cm2 
for the single–end connected and 14,200 kA/cm2 for the double–end connected circuit 
topology. 
 
6.3.3 Cross–dielectric voltage 
The magnitudes of the cross–dielectric voltages for both circuit topologies were within 0.07% 
of input voltage up to a frequency of 100 kHz.  The voltages across the metallic film were of 
the order of a few volts as shown in Fig. 6.8, but this was in phase quadrature to the voltage 
across the capacitor dielectric and therefore did not subtract significantly from the magnitude 
of the input voltage. This resulted in the cross–dielectric voltage being largely equal to the 
input voltage up to at least 1 MHz.   
At 1 MHz the minimum cross–dielectric voltages at the edges of the metallization were 94.99 
volt for the single–end connected and 96.82 volt for the double–end connected topologies.  At 
10 MHz, the corresponding figures were 27.16 volt and 44.15 volt. 
It was evident that the shape of the across–dielectric voltage profiles for the two different 
connection topologies was quite different, although of similar average magnitude.  Topology 
B with double–end connection had the flattest profile and was symmetrical across the width.  
With topology A (single–end connected), the voltage across the dielectric close to the input 
connection was greater than for topology B and was asymmetrical across the width of the 
Fig. 6.8   Across–dielectric voltage for a 6.4 µF, 800 square capacitor with single and 
double–end connection.  Metal film resistivity is 8 Ω/sq.  w=35 mm, 100 Vac. 
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strip.  The differences between the cross–dielectric voltage magnitudes were only significant 
at frequencies above around 1 MHZ which was outside the normal operating frequency of the 
capacitor.  At frequencies below 1 MHz, the voltage across the dielectric was essentially 
uniform at close to 100 volt for both connection topologies.   
An approximation to the cross–dielectric profile of circuit topology B was obtained from the 
result for topology A.  This is potentially important as it means that the results obtained using 
diffusion equations or similar methods, can be applied to capacitors with double–end 
connection.   
To obtain the approximate profile we considered the voltage across the dielectric of circuit 
topology A as divided in two, such that half “belongs” to the top layer and the other half 
“belongs” to the bottom layer referenced to the same common mid–point voltage.  Thus the 
profiles of the single–end connected results in Fig. 6.8 were halved in magnitude.  Then, by 
reversing the spatial distribution of the second layer and recombining it with the distribution 
of the top layer, an approximation to the distribution of the double–end connected topology B 
was obtained.  Mathematically, the half profile voltage was added to a second half profile 
voltage that was spatially reversed.  All synthesised profiles described were for 8 Ω/sq.,  
6.4 µF, 800 sq., w=35 mm, capacitors.  The direct numerical result was from PSPICE using a 
15 stage double–end connected capacitor model. 
The profile obtained by this approximation was close in magnitude to the numerical profile of 
topology B at 100 kHz, but varied somewhat in shape as shown in Fig. 6.9.  The profile was 
Fig. 6.9   Synthesised cross–dielectric voltage at 100 kHz for circuit B (double–end–
connection) from the results for circuit A (single–end connection).  100 Vac input. 
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flatter for the direct numerically–obtained double–end connected topology result than for the 
synthesised result obtained from the single–end connected topology.  The indicated 
magnitude derived from the result for single–end connection was close to the actual result for 
double–end connection. 
 
At 1 MHz, the synthesised and actual cross–width voltage profiles were in similar 
correspondence to that exhibited between them at 100 kHz.  As shown in Fig. 6.10 the 
synthesised profile was not as flat as the “actual” voltage profile but the magnitude estimates 
may be adequate for most purposes. 
Fig. 6.10   Synthesised cross–dielectric voltage profile at 1 MHz for circuit B (double–
end connection) from the results for circuit A (single–end connection).  100 Vac input. 
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At 10MHz, useful indications of across–dielectric voltage magnitude were still obtained for 
the double–end connected circuit topology, using results from single–end connected topology 
as shown in Fig. 6.11.  The synthesised profile was more dished than the actual profile but the 
magnitudes were very similar to the actual profile directly–derived from distributed circuit 
numerical (PSPICE) modelling. 
Fig. 6.11   Synthesised cross–dielectric voltage profile at 10 MHz for circuit B (double–
end connection) from the results for circuit A (single–end connection).  100 Vac input. 
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6.3.4 Metal Film Power Distribution 
The power profiles across a single layer for both circuit topologies, is shown in Fig. 6.12.  The 
profiles were virtually identical at low frequencies.  At 1 MHz, the maximum discrepancy 
between the two was less than 4% but the difference became marked at 10 MHz as the voltage 
drop across the modeling resistors become comparable to the voltage across the distributed 
modeling capacitors.   
To obtain the overall spatial power distribution profile across the width of the film strip, it 
was necessary to add the contributions of the top and bottom layer.  Since the profiles of both 
layers in topology A (single–end connection) were identical, each having their maximum on 
the same side, the net power profile was double that of one strip and was highly non–uniform 
with a maximum at the input connection side falling to zero at the opposite edge, as shown in  
Fig. 6.13.   
However with topology B (double–end connection), the second layer was spatially reversed 
compared to the top layer and had its maximum on the opposite edge to that of the first layer.  
Thus when power profiles in the two layers were combined, a bathtub–shaped curve was 
obtained.  This resulted in a much more uniform power dissipation cross–strip profile than 
that of topology A.  Cross–width hot–spots due to normal resistive losses in the metal film 
were thus less likely with topology B.  The power levels shown were hypothetical as the 
capacitor could not be operated with 100 volt input at 10 MHz or even 1 MHz.  Input voltage 
levels were limited both by power dissipation considerations and by metal film current 
Fig. 6.12   Single layer cross–strip power profile for circuit topologies A and B.  100 
Vac input. 
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density.  However, the results were indicative and could be scaled to get results for lower 
input voltages. 
In the same way that across–dielectric voltage profiling could be synthesized for double–end 
connected (topology B), power profiles for circuit topology A may be processed and used to 
synthesize results for topology B.   
By spatially reversing the power profile for the second layer before combining it with the top 
layer, a good approximation to the profile for a double layer power profile for double–end 
connected topology was obtained. 
Fig. 6.13   Combined or double layer cross–width power density profile for topologies A 
and B.  100 Vac input. 
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The result of such reversal and summing is shown in Fig. 6.14 for 100 kHz where 
correspondence with the actual curve for the double–end connected capacitor topology was 
excellent.   
 
At 1 MHz, the correspondence was still good as shown in Fig. 6.15. 
Fig. 6.14   Synthesised net cross–width power density profile for topology B using 
results for topology A.  100 Vac input.  100 kHz. 
Fig. 6.15   Synthesised net cross–width power density profile for topology B using 
results for topology A.  100 Vac input, 1 MHz. 
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At 10 MHz, the approximation was less accurate but still adequate for most purposes as 
shown in Fig. 6.16.  Although actual magnitudes of power levels of the double–end 
connection topology were similar to those derived from the single–end connection topology, 
more power was dissipation in the capacitor at 10 MHz than shown by the synthesized result.  
It will be shown later, that further increases in frequency reverses this relationship.   
Although the hypothetical power levels were excessive for practical capacitors in this 
illustration, the results were indicative and can be scaled down to levels tolerable in actual 
capacitors.   
Fig. 6.16   Synthesised net cross–width power density profile for topology B using 
results from topology A.  100 Vac input.  10 MHz. 
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6.3.5 Input Current Density with Frequency 
As indicated in Fig. 6.17 and for single–end connection, the current density profile obtained 
from diffusion equation analysis and from numerical analysis using a 15–element lumped 
equivalent circuit were virtually identical up to at least 1 MHz.   
Similarly, the difference between numerically–derived metal film input current densities in 
the single–end and the double–end connected capacitors strips, were small up to 1 MHz.  The 
single–end connection was around 1.23% lower than that of the double–end connection.   
At 10 MHz, the difference was reversed and the current density in the single–end connected 
topology was around 3.7% higher than that of the double–end connected capacitor.   
At 100 MHz, it was around 60% higher. 
At 100 kHz, for 100 volt input, the maximum current density in the metal film of this 
capacitor was around 424 kA/cm2. 
Fig. 6.17   Metal film current density estimation using diffusion equation modelling 
and using lumped element modelling.  R=8 Ω/sq., Capacitance=6.4 µF, n=800 sq.,  
w =35 mm. (Dual and single by PSPICE using 15 stages.) 
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6.3.6 Net Power 
As can be seen in Fig. 6.18, both circuit topologies yielded virtually identical results for total 
power dissipation up to at least 100 kHz where the double–end connected capacitor 
dissipation was around 0.03% higher than that of the single–end connected capacitor.  At  
1 MHz, the difference was around 3% growing to 23% at 10 MHz. Although at 100 MHz, the 
relationship reversed with the double–end connection yielding the lowest net power 
dissipation, it is likely that quantisation errors or inadequate modelling was causing this result 
rather than intrinsic characteristics. 
Power dissipated was proportional to the square of frequency up to about 1 MHz, whereafter 
the rate of increase in power with frequency was reduced due to R–C filtering effects.  
Theoretical power loss in the capacitor was around 10.8 watt at 10 kHz with 100 volt ac input.  
This may have represented an upper limit to the power that could be dissipated without 
catastrophic internal temperature rise in a typical capacitor of this physical size.  This implied 
that progressively–reduced voltages must be used at frequencies above 10 kHz to limit 
internal power dissipation.   
Fig. 6.18   Net power dissipation in a 6.4 µF capacitor, R=8 Ω/sq., n=800 
squares, w =35 mm, input voltage=100 Vac. (Dual and single by PSPICE.) 
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6.3.7 Summary of Electrical Profiles in the Metallised Strips 
Lumped element equivalent circuit modelling showed that the resistive voltage drop and the 
current and power profiles across the width of a strip of a double–strip spiral–wound capacitor 
were virtually identical for single–end (A) and double–end (B) circuit connection topologies 
up to at least 1MHz.  This was typically well above the self–resonance frequency of these 
capacitors.   
Up to at least 100 kHz, the across–dielectric voltage profile across the width of the metallised 
strip for both A and B topologies varied less than 0.1% from the input voltage.  The variation 
was less than 6% at 1 MHz.  This small level of departure from the magnitude of the input 
voltage made the importance of the different shapes of the across–dielectric voltage profiles 
of limited practical consequence. 
The closeness of results for single–end and double–end connected circuit topologies meant 
that diffusion modelling, which could only be readily derived for a capacitor with both 
connections on the same end, may be directly used or manipulated to represent capacitors 
with connections on opposite ends. 
The combined or net cross–width power profiles from the two layers was quite different for A 
and B topologies with A having peak power at the connection end and B having a 
symmetrical and much more uniform cross–width power profile.  The difference between the 
two net power profiles was due to the spatial reversal of the profile of the second strip 
compared to the first strip for the double–end connected (B) capacitor.  When added, the 
resultant net profile was much flatter than that of the single–end connected capacitor. 
It was found that the cross–width power profile of the double–end connected capacitor could 
be synthesised from the results of the single–end connected capacitor.  This was a significant 
advantage since the single–end connected profile could be readily obtained from diffusion 
equation analysis.  The match between synthesised and actual cross–width power profiles was 
sufficiently accurate to be useful for double–end connected capacitor modelling.   
The synthesised profile was obtained by adding the profile of one layer of the single–end 
connected capacitor, to the same profile but with spatial reversal.   
The overall equivalence between the two connection topologies became progressively more 
degraded at frequencies where voltage drop across the metal film became comparable in 
magnitude to the input voltage.  In the examples studied, this was around an order of 
magnitude above the self resonance frequency of the capacitors. 
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Input current densities in the metal film for both circuit topologies were nearly identical up to 
the inflexion point in the graphs at around 1 MHz where the single–end connection exhibited 
a current density around 1.3% lower than that of the double–end connection.  At 10 MHz, the 
difference was reversed with the maximum current density in the double–end connected 
capacitor being around 60% lower than that in the single–end connected capacitor.   
Both circuit topologies gave virtually identical figures for total power dissipation in the 
capacitor up to at least 100 kHz.  At 1 MHz, the net power dissipated in the double–end 
connected capacitor was around 3% lower that that of the single–end connected capacitor.  At 
10 MHz, the difference was around 23%. 
 
6.4 Relative Performance of Single–end and Double–end Connected Capacitors 
The parameters of the model capacitors to be theoretically examined, are shown in Table VII 
Configuration R (Ω/sq.) Cap (µF) n (Sq.) C (2.33 mm) 
1 8 6.4 800 35.556pF 
2 2 6.4 800 35.556pF 
 
For computation, the width of the 35mm metallised strips was broken up into a strip of 15 
concatenated mini–squares in the resistor–centric pattern described in Section 6.2.  The 15–
square model gave better accuracy than a 10 square model whilst staying comfortably within 
the 60 element limit of the PSPICE software used for the assessment.  Each square was  
2.333 mm in dimension. 
For comparison, the single–end capacitor parameters, determined using diffusion equations, 
were also plotted in the graphs.   
The equivalent series capacitor components, RES  and CES may, at any frequency, be converted 
to an equivalent parallel–connected circuit composed of GEP and CEP.  The parallel circuit has 
Table VII  Single and double–end connected capacitor parameters for 6.4 µF 
capacitor of length 800 squares and width 35 mm. 
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the advantage of immediately making obvious what capacitance is “seen” by an external 
circuit incorporating the capacitor. 
The two interchangeable equivalent circuits are shown in Fig. 6.19. 
 
6.4.1 Equivalent series resistance and equivalent parallel conductance 
Up to 1 MHz, RES values derived from the 15 stage lumped element equivalent circuits and 
from diffusion equations, for both circuit topologies, differed from each other by less than 
0.5%.   For the single–end connection topology, results for lumped element modelling closely 
matched those from diffusion equations over the whole frequency range examined.  This 
implies good accuracy for the lumped element model, this accuracy extending by inference to 
the double–end connection topology lumped element model where diffusion analyses results 
are not available. 
Fig. 6.19   Simple equivalent series and equivalent parallel circuit 
of a capacitor. 
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As can be seen in Fig. 6.20 for a 6.4 µF capacitor, the equivalent series resistance pole 
frequency was much higher for the double–end connection exhibits than for the single–end 
connection.  Diffusion equation results – corresponding to single–end connection – were also 
shown to give a measure of the accuracy of the 15 element approximation to the distributed 
resistance of the film.  The magnitudes of RES for the 6.4 µF 8 Ω/sq. and 2 Ω/sq. capacitors, 
obtained from diffusion equation modeling, were 6.667 mΩ and 1.667 mΩ respectively These 
magnitudes agree with the predicted values obtained from alternate analytical methods 
described by Picci and Rabuffi (2002).   The capacitor with the 2 Ω/sq. resistivity film 
exhibited wider bandwidth than that of the 8 Ω/sq. film as expected.  Both equivalent 
capacitance and equivalent resistance rolled off at frequencies around an order of magnitude 
greater than the typical self–resonance frequency of this capacitor. 
Fig. 6.20   Equivalent series resistance for single–end and double–end (dual) connected 
for two different sheet resistances. (Dual and single by PSPICE.) 
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However, the equivalent parallel conductance of single–end and double–end topologies, 
showed little difference in pole frequency as shown in Fig. 6.21. The conductance represented 
the ohmic load presented directly to the external circuit in which the capacitor is operating.  
Using around 10 watt as the upper limit of dissipation possible in this particular capacitor, the 
very high values of conductance at high frequency meant that the input voltage was restricted 
to less than one volt for the 8 Ω/sq. capacitor for frequencies above 1 MHz.  This 
consideration was largely hypothetical considering the low typical operational frequency 
range of the capacitor.   
Fig. 6.21   Equivalent parallel conductances for single–end and double–end (dual) 
connected for two different sheet resistances. (Dual and single by PSPICE.) 
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6.4.2 Equivalent series capacitance and equivalent parallel capacitance 
Up to about 1 MHz in the case of the 8 Ω/sq. capacitor, CES for both circuit topologies were 
virtually identical, varying by less than 2% at 1 MHz.  At higher frequencies, the two 
diverged and the double–end connected topology sustained capacitance values to higher 
frequencies compared to the capacitance values for the single–end connected topology. 
As shown in Fig. 6.22, there was considerable difference in bandwidth between the results for 
the two connection topologies.  The dual or double–end capacitor connection exhibited a pole 
frequency around five times higher than that of the single–end connection in this example.  As 
seen in Fig. 6.23, this did not translate into a similar difference in bandwidth for a parallel 
equivalent circuit. 
Fig. 6.22   Equivalent series capacitance for single–end and double–end (dual) connected 
for two different sheet resistances. (Dual and single by PSPICE.) 
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For equivalent parallel capacitance for the two connection toplogies, the pole frequencies 
were virtually identical for single–end and double–end connection.  As seen in Fig. 6.23, the 
double–end connection exhibited steeper roll–off with frequency than the single–end 
connection circuit topology.  The parallel equivalent circuit may be more representative of 
what is “seen” by an external circuit in which the capacitor is embedded.  From this 
perspective, there was little to differentiate between the bandwidths of the single–end 
connected and double–end connected capacitor circuit topology. 
Fig. 6.23   Equivalent parallel capacitances for single–end and double–end (dual) 
connected for two different sheet resistances. (Dual and single by PSPICE.). 
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6.4.3 Dissipation factor 
The dissipation factor for the double–end connection capacitor did not plateau at a value of 
1.0 as did the dissipation factor for single–end connection capacitor, as evidenced in Fig. 6.24.  
Below the pole frequency, the dissipation factor for both circuit connection topologies was 
virtually identical, differing by less than 2% at 1 MHz for the 8 Ω/sq. capacitor.  Dissipation 
factor for the single–end connected 8 Ω/sq. capacitor determined by the lumped element 
model was around 0.13% lower at 1 MHz than the value determined by diffusion analysis.  
The difference was around 8.5% at 100 MHz. 
The magnitude of the dissipation factor due to metal film ohmic losses initially increased 
directly with frequency.  At 10 Hz for the 8 Ω/sq. capacitor, it was 2.7x10–6, around two 
orders of magnitude below the typical minimum exhibited by MPP capacitors.  This indicated 
that resistive losses do not determine the DF at low frequency. 
6.4.4 Summary of Theoretical Modelling of Normal Capacitors 
The results indicated that the values of the series equivalent circuit of a capacitor evaluated 
for single–end connection topology, are strictly applicable to double–end connection circuit 
topology only up to a frequency around the R–C pole frequencies of the capacitors.  For the  
8 Ω/sq. model, the difference between RES for both circuit topologies was around 14% at  
5 MHz which was close to the RES pole frequency of 5.6 MHz.  (The CES pole frequency was 
2.5 MHz for an 8 Ω/sq., 6.4 µF, 800 square capacitor.) 
At 1MHz, the differences in RES for the two circuit topologies was less than 1% whilst CES  
error was around 1.3%. 
Fig. 6.24   DF for single–end and double–end connected for two different 
sheet resistances. (Dual and single by PSPICE.). 
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At 5 MHz, the difference in CES for the two circuit topologies indicated by the modelling was 
around 5% or less for both the 2 Ω/sq. capacitor and the 8 Ω/sq. capacitor. 
When considering pure R–C frequency effects, the double–end connected capacitor showed a 
considerably higher frequency response for equivalent series resistance and equivalent series 
capacitance than the single–end connected capacitor.  In contrast, Murphy and Young (1991) 
found that when self inductance is taken into account, the single–end connected capacitor 
connection offered the highest frequency response.  This may be reflected in these results by 
the equivalent parallel capacitance of the single–end connected capacitor which exhibited a 
slower frequency characteristic falloff than that of the double–end connected capacitor, in 
contrast to the results for the equivalent series capacitance. 
In general, the parallel equivalent circuit of a capacitor for both the single–end and double–
end connections exhibited very similar characteristics including the frequency response in 
bands up to the pole frequencies of the equivalent circuits.  Up to 1 MHz, the GEP values for 
the single–end and double–end input topologies were typically within 3% of each other.  At 
100 MHz the difference was around 50%.  This discrepancy may have been partially due to 
modelling accuracies at high frequency due to the limited number of modelling stages.  The 
major difference between the results for the equivalent parallel circuit of the two connection 
topologies was a steeper roll–off for the double–end connected equivalent parallel capacitance 
(CEP).  In this sense, the single–end connection had superior performance to the double–end 
connection.   
The results indicated that the correlation between the parallel equivalent circuits of the 
double–end and single–end connection was better than the correlation between the series 
equivalent circuits for the double–end and single–end connected circuits.   
The dissipation factor of the double–end connected circuit topology continued to climb past a 
value of 1.0 in the upper frequency band, unlike that of the single–end connection circuit 
topology that had a plateau value of 1.0.  In the lower frequency band, the dissipation factors 
of both were virtually identical. 
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Chapter 7:  Results of Theoretical Modelling of Capacitors with Edge–
Disconnection 
7.1 Introduction 
In this chapter, the effect of circumferential connection of the two co–wound capacitor strips 
is examined.  Typically arising from atmospheric corrosion, a gap between the schooping end 
caps and the width of the metallised strip can develop progressively from the outer turns such 
that current in the strips is forced to flow circumferentially from a point deeper in the 
capacitor where edge connection still exists.  This edge–disconnected strip has a true single–
end connected transmission line topology and no approximations are necessary in the 
application of diffusion equations in any analysis.  In this chapter, the effect on the capacitor 
electrical characteristics of the lengthened electrical path is examined.  In addition, the 
changes in the capacitor equivalent series circuit are modelled using diffusion equations.  The 
modelling of the circumferential connection topology, corresponding to single–end 
connection examined in Section 2.3.2, is used to develop empirically–derived describing 
formulae for the equivalent series resistance and capacitance.  These formulae, which also 
generally apply to all single–end connected capacitor circuit topologies, are tested in detail 
against the results derived from diffusion equations. 
The metal film spatial power density, current and voltage profiles is examined and used to 
develop predictions for the radial temperature rise profile in a capacitor due to the increased 
power dissipation associated with edge disconnection.  In addition, the likely current density 
and temperature rise in remnant vestigial links of metallization bridging the corrosion gap are 
modelled and developed.   
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7.2 Diffusion Equation Modelling of Circumferentially Connected Metallization 
Two long overlaying strips of capacitor films with electrical connection at one end represent a 
true transmission line configuration with distributed capacitance and resistance.  Thus it is 
readily characterised using diffusion equation modelling.   
A capacitor of 6.4 µF with 8 Ω/square spreading resistance and having two co–wound strips 
800 squares in length, each square corresponding to the metallization width of 35 mm, was 
used for the following modelling.  Twenty percent of this length was considered as being 
circumferentially connected due to loss of direct connection to the schooping whilst the rest 
remained edge connected to the schooping. Per unit area capacitance is 8 nF. Connection at 
the still–connected end of the strip was considered to be zero impedance. 
7.2.1 Voltage Profile of Disconnected Strip 
The voltage magnitude and phase at 1 kHz between the two overlaying strips, starting at the 
connected end, is shown in Fig. 7.1 for a 160 square–length section. This section 
corresponded to a nominal 20% of the total capacitor strip length disconnected from direct 
contact with the schooping.  The voltage across the dielectric fell to less than 10% of the input 
voltage 120 squares (4.2m) from the input, meaning the metal film most distant from the 
remaining electrical connection to the schooping was progressively less active in the 
performance of the capacitor as the disconnection length increased.  The delay–line effect of 
Fig. 7.1   Along–length cross–polymer voltage and voltage phase (degrees).  1 kHz, 
20% disconnected part of 6.4 µF, 800 square, R=8 Ω/sq., w=35 mm. 
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the distributed R–C ladder resulted in a total phase shift approaching 184 degrees, between the 
input voltage and the voltage at the end of the disconnected section. 
 
7.2.2 Equivalent Series Resistance of Circumferentially Connected Strip 
Capacitor 
The RES obtained from diffusion equation modelling of the 160–square length 
circumferentially connected strip fell off with the square–root of frequency beyond about  
100 Hz as depicted in Fig. 7.2.  Low frequency value was 853 Ω.  This corresponded to two–
thirds of the product of 160 squares and the per–square resistance of eight ohms, as reported 
by Picci and Rabuffi (2002) and Xiaoguang Qi et al. (2004). 
It is notable that the RES of the other 80% of the capacitor, with edge connection, was  
0.00833 Ω in contrast to the 853 Ω of the edge–disconnected 20% part.  The raised resistance 
made for greatly increased loss in the capacitor. 
Fig. 7.2   RES of 160–square long, 20% disconnected part of a 6.4 µF capacitor, 
measured at 1 kHz.  800 square, R=8 Ω/sq., w=35 mm. 
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7.2.3 Equivalent Series Capacitance of Circumferentially Connected Strip 
Capacitor 
CES of the 160–square disconnected strip exhibited a similar frequency characteristic to that of 
the RES of the same strip as shown in Fig. 7.3.   Falloff above a frequency around 100 Hz, was 
also proportional to the square–root of frequency.  Low frequency magnitude of CES was  
1.28 µF, corresponding to 20% of 6.4 µF as expected. 
 
Fig. 7.3   CES frequency profile for the 20% part of a 6.4 µF capacitor, disconnected 
from the schooping edge.  800 square, R=8 Ω/sq., w =35 mm. 
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7.2.4 Dissipation Factor of Circumferentially Connected Strip Capacitor 
 Dissipation factor increased monotonically with frequency up to around 100 Hz, whereafter, 
it asymptoted to a value of 1.0.   At 1 kHz, as shown in Fig. 7.4, the dissipation factor of the 
circumferentially connected strip of length 160 squares was 1.0 whilst for the remaining 640 
squares of edge–connected strip, it was 0.00268. 
 
Fig. 7.4   Dissipation factor of the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  800 square, R=8 Ω/sq., w =35 mm. 
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7.2.5 Input Impedance and Phase of a Circumferentially Connected Strip 
Capacitor 
Input impedance initially fell directly with frequency, but beyond about 100 Hz, fell with the 
square root of frequency (Fig. 7.5).  This meant that input current increased with the square–
root of frequency beyond about 100 Hz for the disconnected strip. 
 
Fig. 7.5   Input impedance magnitude of the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
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As depicted in Fig. 7.6, input impedance phase angle changed from –900 to an asymptote of  
–450 for frequencies beyond about 100 Hz.  This meant that the real and imaginary 
components of the current to the circumferentially connected 160–square strip tended to 
become equal in magnitude, irrespective of frequency and internal capacitor values. 
 
Fig. 7.6   Input impedance phase of the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
1.E-01 1.E+01 1.E+03 1.E+05
Hz
de
gr
e
e
Ph(Zin)
Chapter 7: Results of Theoretical Modelling of Capacitors with Edge–Disconnection 
—            — 
 
131 
7.2.6 Input Current and Power of Circumferentially Connected Strip Part of a 
Capacitor 
Metal film thickness was assumed to be 20 nm. Input current density of the 160–square length 
of metallized film, shown in Fig. 7.7, initially increased directly with frequency, but above 
about 100 Hz increased with the square root of frequency.   
Input power increased with the square of frequency, but beyond about 100 Hz increased with 
the square root of frequency (Fig. 7.8). 
This change above around 100 Hz, was due to the input current changing from directly 
proportional to frequency, to proportional to the square–root of frequency beyond 100 Hz, 
coupled with simultaneous reduction in RES with the square–root of frequency. 
Fig. 7.7   Input current density of the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
Fig. 7.8   Input power of the 20% part of the 6.4 µF capacitor without direct connection 
to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
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7.2.7 Current Density Profile along the Disconnected Strip part of the Capacitor 
As can be seen in Fig. 7.9, current density fell off rapidly along the 160–square length of the 
disconnected strip.  The characteristic was approximately exponential.  At 10 kHz and 40 
squares into the strip, current density had fallen to less than 10% of the value at the input.  
Metallised strip beyond the 40 squares thus played little part in determining the input current.  
Current density at the input of the 160 square strip was more than 473 kA/cm2 at 10 kHz.  In 
contrast, corresponding current density into the normal edge–connected part of the capacitor 
was 42.4 kA/cm2.   
Fig. 7.9   Input current density of the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
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7.2.8 Power Density Profile along the Disconnected Strip Part of a Capacitor 
Total power dissipation from both metallised strips per eight squares (nominal) is shown in 
Fig. 7.10.  As frequency increased, the concentration of power loss in the first squares of the 
strip increased as the strip effectively shortened due to R–C filtering effect.  The actual power 
level also rose rapidly as frequency increased.  The result was the presence of a very 
pronounced hot–spot at the remaining edge connection point of the partially disconnected 
strip. 
At 10 kHz, total power into the two 160–square overlaying lengths of disconnected strip was 
39.6 watts, compared to 8.62 watt for the remaining 640 squares of normal edge–connected 
strips. 
Fig. 7.10   Power dissipation along the 20% part of the 6.4 µF capacitor without direct 
connection to the schooping edge.  100 Vac input, 800 square, R=8 Ω/sq., w =35 mm. 
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7.2.9 Summary of Edge–Disconnected Capacitor Modelling 
The RES and CES of the circumferentially–connected model strip were both constant at low 
frequency, but decreased with the square–root of frequency above a pole frequency for each 
parameter.   
Similarly, the DF initially increased directly with frequency but asymptoted to a value of 1.0 
beyond the inflexion point.  At a given frequency, the magnitude of the dissipation factor was 
generally very much higher for the circumferentially connected strip than for the same length 
of strip with normal edge connection. 
Input current density initially increased directly with frequency, but beyond the pole 
frequency, increased with the square–root of frequency.   
Input power to the strip initially increased directly with the square of frequency, but increased 
with the square–root of frequency beyond the pole or inflexion frequency. 
Input impedance initially decreased directly with frequency, but beyond the pole frequency, 
decreased with the square–root of frequency.  Its phase angle commenced at –900, but beyond 
the pole frequency, asymptoted to –450. 
For the 160 square–long capacitor strip and for frequencies well below the inflexion 
frequency, the equivalent series resistance for the circumferential connection was 25,600 
times that of the same strip with direct edge connection  
The corresponding input current density and power of the strip with circumferential 
connection were around 160 times and 25,600 times respectively higher than with full edge 
connection.   
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7.3 Effect on overall capacitor performance of partial edge disconnection 
7.3.1 Dissipation Factor 
The theoretical dissipation factor due to losses in the metallic film of the composite capacitor, 
with percentage of disconnection, is depicted in Fig. 7.11. The metal film resistivity was  
8 Ω/sq. and the capacitance was 6.4 µF with a strip length of 800 squares.  Metal film width 
was 35 mm. 
As can be seen, dissipation factor rose rapidly with even small amounts of disconnection.  At 
1 kHz, an increase in the percentage of disconnection from zero to 5% resulted in the 
composite dissipation factor increasing from 2.68×10–4 to 1.73×10–2, an increase of 6,465%. 
For 100 volt ac input voltage at 1 kHz, the corresponding increase in capacitor power 
dissipation was from 108 mw to 6.91 watt.  This high level of power dissipation may threaten 
destruction of the capacitor, particularly as the power was concentrated at the connected end 
of the metal strip resulting in a hot spot and possible excessive rise in temperature.   
Fig. 7.11   Dissipation factor of a capacitor with varied degree of edge–disconnection.  
Results by diffusion equation analysis.  Width 35 mm, R=8 Ω/sq., C=8 nF/sq., n=800. 
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7.3.2 Net Dissipated Power 
The corresponding power profile for 100 volt input voltage is given in Fig. 7.12. 
It can be seen that at 1 kHz, the initial increase in power dissipation with increasing 
disconnection was very rapid.  Peaking occurred at around 10% disconnection due to phase 
reversal down the length of the disconnected strip.  Increasing the amount of disconnection 
beyond around 15% disconnection, for 1 kHz input frequency, did not significantly increase 
the net power loss. This limit was due to the R–C filter effect effectively disconnecting the 
most distant metallization from the input.  Thus further increases in this length had little 
effect. 
At 1 kHz for this capacitor, the power dissipation was therefore concentrated in the first 15% 
of the length of the disconnected strip since further in creases in the this length did not result 
in further increase in loss.  This demonstrated that hot spots were generated near the point of 
remaining connection for strips partially disconnected from the schooping. 
Fig. 7.12   Power dissipation in a partially–disconnected capacitor.  w=35 mm,  
R=8 Ω/sq., C=8 nF/sq., n=800, V=100 volt ac. 
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7.3.3 Equivalent Series Capacitance and Resistance  
It is instructive to evaluate the effect of partial disconnection on CES    The graph of Fig. 7.13 
shows that at a frequency of 1 kHz, CES fell steadily with increase in the degree of 
disconnection from the schooping.  This falling characteristic may have serious impact on 
circuits that are dependent on sustained capacitance, particularly at higher frequencies. 
Equivalent series resistance of the composite capacitor, charted in Fig. 7.14, also rose rapidly 
with small degrees of edge disconnection, initially increasing around 10% for each 1% of 
edge disconnection. 
Fig. 7.13   Equivalent series capacitance of a capacitor with varying degrees of 
edge–disconnection.  w=35 mm, R=8 Ω/sq., C=8 nF/sq., n=800 sq. 
Fig. 7.14   Equivalent series resistance of a capacitor with varying degrees of 
edge–disconnection.  w=35 mm, R=8 Ω/sq., C=8 nF/sq., n=800 sq. 
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7.3.4 Peak Current Density 
The current density profile shown in Fig. 7.15 also showed a rapid initial rise in magnitude 
with degree of disconnection.  For 100 Vac and 1 kHz, disconnection of 1% increased the 
current density from 718 A/cm2 to 5743 A/cm2, an increase of eight times compared to fully 
edge-connected.   
The peak current density magnitude at this frequency was around 28.8 kA/cm2 for a 
disconnection of around 8%. 
 
Fig. 7.15   Maximum current density in an edge–disconnected strip.   
w=35 mm, metal thickness 20 nm, 100 Vac, 8 Ω/sq., 8 nF/sq., n=800. 
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7.3.5 Power Profile 
The power profile along a section of disconnected strip is shown in Fig. 7.16.  The total strip 
length was 160 squares corresponding to 20% disconnection.  Input voltage was 100 volt.  
Each point was the total power dissipated by the next eight squares or 280 mm length of strip.  
It can be seen that the power concentration near the point where connection to the schooping 
survives was considerable, verifying the effective presence of a “hot spot” near the surviving 
connection to the schooping edge. 
 
Fig. 7.16   Power dissipation profile along a length of edge–disconnected strip.  
w=35 mm, 100 Vac, R=8 Ω/sq., C=8 nF/sq., n=800. 
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7.3.6 Discussion of Effects of Partial Edge Disconnection 
The study showed that even small degrees of disconnection of lengths of the metallization 
from direct connection to the schooping, resulted in dramatic changes in the overall electrical 
performance of a capacitor.  A circumferentially connected forty–square length of metal film 
having a capacitance of 8 nF/sq. and resistance of 8 Ω/sq. increased its dissipation factor by 
over 1500 times at 1 kHz, compared to the same strip with normal edge connection.  
Similarly, the frequency response of the equivalent series capacitance dropped by more than 
three orders of magnitude due to circumferential rather than edge connection.   
With circumferential connection increased from zero to 5% within the capacitor the 
composite dissipation factor increased by a factor of 65 times, from 2.68x10–4 to 1.73x10–2. 
Similarly, dissipated power increased from 0.108 watt to 6.91 watt for the same degree of 
edge disconnection.  Maximum film current density increased from 1.37 kA/cm2 to  
48.95 kA/cm2, an increase of more than 35 times. 
The extra dissipated power was also concentrated near the start of the circumferentially 
connected part of the capacitor where connection to the schooping edge still remained.  This 
concentration or hot spot could be expected to further endanger the capacitor from 
overheating as more and more strip was disconnected from direct contact with the schooping. 
The R–C filtering effect that causes the concentration, results in the most distant part of the 
disconnected strip having little voltage across the dielectric, isolating it and making it 
effectively inactive as frequency is increased.  The filtering effect for 1 kHz for example, 
nullified the effect of further edge disconnection past 10% in increasing overall losses for the 
capacitor examined.  The nominal 6.4 µF, 8 Ω/sq., 800 square, 35mm wide strip capacitor, 
showed less than 0.2 µF at the terminals at 1 kHz with 100% of the film connected 
circumferentially due to loss of direct connection to the schooping.   
At 1 kHz, peak power dissipated for this capacitor was around 13.8 watt and peak metal film 
current density was around 27.4 kA/cm2.  These peaks occurred between 8% and 10% 
disconnection. 
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7.4 Temperature Profile and Current Density with Circumferential Connection of 
Metallization 
Model parameters 
A commercial 8 µF, 250 V polypropylene cylindrical capacitor was selected for modelling 
using numerical methods.  
Capacitor parameters were: 
Capacitance=8.02 µF, 
R1 (outer radius)=0.013 m, 
R0 (inner radius)=0.0046 m, 
Metalized width (w) =0.035 m, 
Polypropylene film thickness=8 µm, 
Aluminium electrical resistivity=2.71x10–8 Ωm, 
Aluminium thermal resistivity=0.00459 K–m/watt, 
Polypropylene thermal resistivity=4.7619 K–m/watt, 
Metallization resistivity R=2.865 Ω/square (varied to explore effects), 
Metalized length (n)=828 squares (Calculated from dimensions), 
Metalized length (nw) =29 m (Calculated from dimensions), 
Aluminium film thickness =9.46 nm (Equivalent calculated from film resistivity), 
Vestigial link is 3 mm by 3 mm wide.  Width is variable, 
Degree of edge disconnection is variable. 
 
All analysis was done for 100 Vac input. 
For a model cylindrical capacitor having virtually no schooping connection left, ideal lossless 
external connections to the inner ends of both capacitor strips were assumed. Diffusion 
equation analysis was used to derive a piece–wise power–loss profile for the two long strips 
of capacitor film electrically connected at the inner diameter of the spiral–wound roll. 
Equations (5.1) relating temperature rise to power profile, roll radius and frequency, and 
equation (5.2) relating capacitor radius to strip length, were then used in a numerical 
development of hypothetical radial temperature profiles from the inner radius of the capacitor 
to the outer diameter for various frequencies. 
In concert, current density and power profiles were produced. 
The process was repeated for various lengths of disconnection assuming the disconnected 
length extended from the outer radius of the capacitor role to some point inward. 
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7.4.1 Temperature Profile in Circumferentially–Connected Capacitor 
For 100% disconnection where all of the 828 squares were disconnected from direct contact 
with the schooping, the temperature rise profile (Ts) as given by (5.1) was developed by 
numerical methods in a spreadsheet (Brown 2006c).  . Equation (5.2) relating strip length to 
the radius of the capacitor cylinder allowed the results to be tabulated against radius. The 
parameters of the model capacitor were given in the previous page. The profiles shown in Fig. 
7.17 were obtained. The plot is from the mandrel radius to the outer radius of the wound 
polypropylene films.   
As can be seen full isolation by corrosion resulted in excessive temperature rises being 
reached deep within the capacitor, even at 50 Hz.  For 100 V, 50 Hz input, the hypothetical 
temperature rise at the core of the capacitor was 7480C.  Since polypropylene is typically 
limited to a maximum operating temperature of 850C, the temperature rises, particularly when 
added to ambient temperature outside the capacitor, were clearly unsustainable.  At higher 
frequencies, power loss was higher and the capacitor would fail earlier than at lower 
frequencies. 
With a nominal metallic layer resistivity of 5.729 Ω/sq. and 100V at 50 Hz, the temperature 
rise above ambient was 58.50C compared to 74.80C for the 2.865 Ω/sq. film. 
Fig. 7.17   Radial temperature rise profile for 8 µF MPP capacitor with 828 square–long 
disconnected metal strip. R=2.865 Ω/sq., w=35 mm, 100 Vac input voltage connected at 
minimum radius. 
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The temperature rise was proportional to the square of input voltage, but the relationship with 
frequency was complex, being affected by R–C filtering.  For frequencies in the lower 
frequency band, temperature was proportional to frequency–squared.  In the upper frequency 
band, temperature rise was proportional to the square–root of frequency. 
7.4.2 Current Density Profile 
The current density (JS) in the 2.865 Ω/sq. metallic layer of the capacitor strip is shown in  
Fig. 7.18. 
At 1 kHz, maximum current density at the connection point of the edge–disconnected strip 
was calculated to be 88.85 kA/cm2 compared to 1.66 kA/cm2 for the same strip with normal 
edge–connection, a nearly 54–fold increase. 
 
Fig. 7.18   Strip current density versus radius in an 828 square–long disconnected metal 
strip for an 8 µF MPP capacitor, R=2.865 Ω/sq., w =35 mm, electrically connected at 
minimum radius, 100 Vac. 
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7.4.3 Peak Temperature with Degree of Disconnection 
Disconnection is assumed to progress from the outer diameter of the capacitor roll inward 
toward the mandrel. The remaining strip length after the edge–disconnected section, is 
assumed to be still edge–connected. This section is relatively lossless as described in 7.3.6 
and only temperature. rise due to power dissipated in the edge–disconnected section is 
considered. Disconnection of 100% means that edge disconnection extends the full strip 
length to from the outer to the inner diameter. As most clearly evidenced in the 1 kHz trace of 
Fig. 7.19, the maximum temperature rise at the connected end of the strip at first rose rapidly 
with increasing percent disconnection and peaked due to phase reversal down the strip.  
However, as R–C filtering more and more isolated the extremes of the growing edge–
disconnected length from the input, the temperature rise ceased to increase except for an 
upward trend due to the effects of added thermal insulation represented by more layers of 
polypropylene over the heated region. 
For a nominal around 500C limit on rise in core temperature and 100 Vac input, maximum 
permissible disconnection was estimated to be 30% for 50 Hz operation or 15.5% for 100 Hz 
operation.  For 1 kHz operation, the disconnection could not exceed 3.9% 
7.4.4 Summary of Effects of Partial Edge Disconnection on Internal Current and 
Temperature 
The investigation showed for the capacitor studied, that theoretical maximum hot spot 
temperatures resulting from progressive disconnection of lengths of metallization by  
Fig. 7.19   Peak internal temperature rise due to partial disconnection of a 828 square–long 
metal strips in an 8 µF capacitor; w=35 mm, R=2.865 Ω/sq., 100 Vac input. 
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corrosion, can hypothetically exceed 4500C at 1 kHz for 100 volt input.  Corresponding 
estimated metal film maximum current density was of the order of 100 kA/cm2.  For the 
capacitor studied, these values peaked at around 15% disconnection, corresponding to 4.35m 
of the total strip length of 29m.  Further increases in the length of edge–disconnection did not 
result in continued rapid rises due to the R–C filtering effectively disconnecting further 
increases in strip length from the input. The thermal blanketing effects of the additional 
lengths of polypropylene were responsible for some further increase in temperature with 
increase in disconnection length.   
At a frequency of 1 kHz, disconnection of less than 4%, corresponding to around 116 cm of 
the total metallised strip length, generated temperature rises exceeding 500C for the capacitor 
studied.   
The input current density in a strip length of 29m, with 100 volt 1 kHz input and total edge–
disconnected, was around 54 times larger than when it was normally connected at the 
schooping edge. 
 
7.4.5 Modelling of Metallised Film Fusing Current 
Preece’s4 formula for wire fusing current is predicated on the same heat loss per unit area for 
a given conducting material in the same state.  Melting point temperature and the 
corresponding heat loss per unit surface area are assumed constant for a given metal 
irrespective of the size of the fuse wire. 
Thus, the power dissipated per unit length of wire at a given temperature, corresponding to the 
fusing temperature of the material is: 
where A is the surface area and u is a constant. 
Since for a round wire of radius r, the surface area per unit length is given by: 
Combining (7.1) and (7.2), power dissipated in the wire per unit length is given by: 
                                                 
4
 (The original paper by Preece is not available. The formula is so–named in data references.) 
(7.2) 
rpiuP 2= (7.3) 
AuP = (7.1) 
rA pi2=
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Power dissipated per unit length in the wire at the fusing current is also given by: 
where ρ is the electrical resistivity of the wire material and I is the electrical current. 
Therefore, u, the constant for aluminium fusing current determination, is given by: 
Re–arranging for a version of Preece’s formula: 
 
The data for aluminium (Sams 1975) used in the following analysis is: 
Aluminium resistivity ρ=2.62x10–8 Ω–m at 200C, (Page 4–21), 
Temperature coefficient of resistance: 0.0039/0C at 200C, (Page 4–21), 
Aluminium melting point: 6600C, (Page 4–10), 
Aluminium coefficient of thermal expansion: 2.29×10–7/0C at 200C, (Page 4–11), 
Fusing current for 40 AWG B&S gauge aluminium wire: 1.31 A, (Page 4–54), 
Diameter of 40 AWG B&S gauge wire 0.0031” (7.874×10–5m), (Page 4–54), 
 
The data for polypropylene is: 
Nominal softening temperature 1050C, (Appendix H, p. 227), 
Melting temperature 1760C, (McCrum et al. 1997, p. 56). 
 
(7.4) 
ρ
urpiI
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2 2
= (7.6) 
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Considering the temperature coefficient of resistance and the coefficient of linear expansion, 
at 6600C: 
Aluminium resistivity ρ(Al) (6600C )=9.16×10–8 Ω–m, 
Radius of 40 AWB B&S wire (6600C)=3.995×10–5 m. 
It should be noted that the reference values used may vary according to the purity and the 
mechanical structure of the material.  Hard–drawn aluminium has a melting point different to 
that of annealed aluminium and trace impurities modify the conductivity.  Different values are 
given in Sams (1975, pp. 4−21, 4–56) for the same parameter because of such subtle 
differences.   
Using the value of 6600C for fusing temperature, from (7.5) the value of u for aluminium is 
125 kw/m2. 
Applying this figure to both sides of a metallised strip having a surface area on each side of  
1 m2, a resistivity of 2.58 Ω/sq. and an equivalent thickness of 10.2 nm, yields a theoretical 
fusing current density of 1627 kA/cm2 in free air. 
Assuming the same melting temperature and the same heat lost per unit area at the surface, the 
fusing current density is inversely proportional to the square root of the aluminium film sheet 
resistivity since the product of I2R must stay constant for a given fuse.  The resistivity of the 
aluminium also theoretically increases by a factor of around 3.5 between 200C and 6600C.  Its 
liquid resistivity is more than 7 times its resistivity at 200C making for an abrupt fusing 
process with a given critical current density.   
The aluminium layer is dependent for its integrity on the polypropylene film on which it is 
coated.  Distortion and contraction of this film can cause mechanical disruption of the 
aluminium layer (Yoshida 1986) thus causing it to fail prematurely.  References give different 
values for critical temperatures such as the softening point and the melting point for 
polypropylene.  The inbuilt stress due to biaxial orientation of the polypropylene typically 
causes the film to warp and distort when temperature is raised.  Physical onset of this 
mechanical distortion may be within a range of temperatures depending on time, composition 
of the polymer and the surrounding mechanical support. 
In order to calculate the current densities corresponding to assumed polypropylene melting 
and softening temperatures, it is necessary to derive values for the power needed to establish 
these lower temperatures. These figures are obtained by interpolation using figure for power 
needed to reach 6600C, implicitly determined by Preese’s formula.   
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Heat loss from the aluminium is due to a combination of radiation, convection and 
conduction.  All follow different laws.  Radiation for example is proportional to the fourth 
power of absolute temperature whilst conduction may be proportional to temperature. 
Stefan–Boltzmann’s formula (Sams 1975, p. 22–1) predicts that a square meter of a black 
body radiator will emit 43 kw of energy at 933K or 6600C.  Aluminium has a thermal 
emissivity of around 0.1 (Sams 1975, p. 17−9) meaning it will radiate only around 4.3 kw/m2 
of power at 6600C.  According to Preece’s formula, 125 kw/m2 is lost at the surface of an 
aluminium fuse material at the point of melting.  Since the radiated power is only a small part 
of this heat loss, it will be ignored in the following scaling.  Heat loss is presumed to take 
place equally from both sides of the thin metallic film. 
 
Assuming an ambient temperature of 200C and a linear relationship with temperature above 
ambient for the power loss, Table VIII is produced, showing changes in the values of 
physical parameters with temperature and the corresponding power and metal film current 
density.  A nominal softening temperature of polypropylene is taken as 1050C and its melting 
point is taken as 1760C.  Resistivity of the aluminium rises with temperature as does its 
physical thickness due to the associated temperature coefficients. 
Temperature T(C) 20 105 176 660 
Resistivity ρ (nΩ–m) 26.2 34.9 42.1 91.6 
Thickness t (nm) 10.16 10.17 10.19 10.3 
Per–square R R (Ω/sq) 2.58 3.43 4.14 8.89 
Power density P (kw/m2) 0 16.6 30.4 124.9 
Current I (kA) 0 98.4 121 168 
Current density J (kA/cm2) 0 967 1191 1627 
 
7.4.6 Discussion of the Predicted Fusing Currents for Metal Films 
The figures predicted for “fusing” current are indicative only because of the assumptions 
made in their derivation, including nominal selection of a softening temperature of 1050C as 
one probable failure point.  Except for the 6600C example the failure point does not 
correspond to melting of the fuse metal as in a normal fuse, but to disruption of the metal 
Table VIII  “Fusing” current density for aluminium film at 
various temperatures T(C); deduced from Preece’s data for wire 
fusing current. 
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layer by distortion of the substrate.  The actual temperature at which significant distortion 
occurs may vary depending on the composition of the polypropylene and the critical 
polypropylene distortion rate impacting metal film disruption. 
It is also likely that the failure current may be affected by the mechanical and thermal 
environment of the metal film.  Mechanical support of the heated film by cooler adjacent 
layers may delay distortion of the heated film.  On the other hand, thermal insulation effects 
due to adjacent films in a laminar stack may result in higher temperatures, advancing the 
onset of distortion and reducing the “fusing” current from the figures shown in Table VIII. 
 
7.5 Temperature and Current Density in a Vestigial Link 
7.5.1 Temperature 
A 3 mm square vestigial link embedded equidistant between the outer diameter and the 
mandril of the cylindrical capacitor as described in section 5.3, was used to generate 
hypothetical temperature rise at the link solely due to the heat generated in the link. It was 
assumed that the vestigial link was the only remaining connection to the metallic film which 
was assumed to be intact and 828–squares in length. Connection was assumed to be at the 
centre of this length. The link was assumed to conduct the full current taken by the strip. The 
effects on temperature of current in the link were considered in isolation. Temperature rise 
due to current in the adjacent metal film was not considered.  Other parameters of the 
capacitor used for this analysis are given in 7.4. The predicted temperature rise due to heat 
Fig. 7.20   Predicted temperature rise at vestigial link due to self–heating while 
supplying an 828 square–long 35 mm, metal strip, 3 mm × 3 mm vestigial bridge,  
100 Vac input. 
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generation in a model vestigial link (TV), is shown in Fig. 7.20.  For 100% strip edge–
disconnection in the frequency range examined (upper frequency band), the idealized link 
temperature rise was independent of metal film resistivity and directly proportional to 
frequency.  This unexpected outcome was due to the current taken by the disconnected strip 
falling with the square–root of resistivity (see Section 7.2.5), (Brown 2005a, 2005b, 2006c 
2006d), counterpoised by a direct increase in link resistance with metal film resistivity.  Since 
power was proportional to the product of the square of current and the resistance, the affect of 
increasing resistance was cancelled by the simultaneous affect of reducing current.   
Similarly, due to filter–effect disconnection, strip current increased with the square–root of 
frequency resulting in power increasing directly with frequency and not with frequency–
squared. 
The temperature rise was also proportional to the resistance of the vestigial link, making it 
inversely proportional to the width of the link within the hypothetical heat–generating 
volume. 
7.5.2 Current Density 
The hypothetical predicted current density in the vestigial link (JV) when conducting current 
to a 100% edge–disconnected metallised strip, reached high levels as shown in Fig. 7.21. 
Fusing of such links, even when only connected to a few tens or more squares of edge–
disconnected metallization, was likely due to excessive current densities.  For a link 1 mm 
square connected to the 828 square long strip isolated by corrosion, TV was 1480C at 1 kHz 
Fig. 7.21   Vestigial link current density for 3 mm x 3 mm link; 100 Vac, 
supplying 828 square–long, 35 mm strip. 
0
500
1000
1500
2000
0 200 400 600 800 1000
Hz
kA
/c
m
^
2
1.43229 ohm/sq
2.86458 ohm/sq
5.72916 ohm/sq
Chapter 7: Results of Theoretical Modelling of Capacitors with Edge–Disconnection 
—            — 
 
151 
and JV was 3440 kA/cm2 for 100 volt ac input.  Vestigial link temperature rise must be 
considered as additional to that of the edge–disconnected strip to which the link is connected. 
The potentially high temperature rise and high current density in a vestigial link made it a 
prime candidate for causing capacitor failure. 
7.5.3 Summary of the Current Density and Temperature Rise in Vestigial Links 
Predicted temperature rise above ambient in a model 3mm vestigial link supplying the 100% 
edge–disconnected strip was around 500C at 1 kHz.  Predicted current density levels in the 
link were severe, hypothetically reaching over 1000 kA/cm2 for the capacitor studied.  This 
current density was of the same order as the free–air fusing current of the metal film predicted 
in Section 7.4.5.   
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Chapter 8:  Experimental Apparatus and Modelling 
8.1 Introduction 
In this chapter, the experimental systems and the physical natures of capacitors used for 
measuring typical electrical parameters and temperature rises are described.  The methods of 
obtaining internal electrical connections and temperature measurements are detailed.  The 
modification of new and used capacitors for experimental measurement of temperature rise 
arising from circumferential connection and from vestigial link formation are described 
together with the methods of modelling and measuring fusing current densities in typical 
metallised film strips. 
 
8.2 Circumferentially Connected Capacitor Strips 
In order to model the capacitor topology with both connections on the same side of a 
capacitor, commercially spirally wound capacitors, as depicted in Fig. 8.1, were obtained 
from the production process before they received schooping metallization.  Electrical 
Fig. 8.1   Typical commercial cylindrical capacitors before application of 
schooping end–spray. 
Mandrel 
Spiral–wound capacitors 
Un–schooping–ed end 
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connections were made to each strip at the outer periphery of the rolls. Measurements of 
capacitor characteristics were made for different capacitance parameters by progressively 
removing lengths of the strips by unwinding the capacitor roll between readings.  In this way, 
a number of sets of measurements of complex input impedance were obtained for model 
capacitors having progressively reduced lengths of co–wound metallised strips. From these 
measurements, equivalent parameters were obtained and compared to theoretical predictions. 
 
8.3 Capacitor Electrical Parameter Measurement 
A Hewlett Packard 4192A LF Impedance Analyser was used to measure capacitor parameters.  
Where possible, the capacitor was physically mounted over the terminals of the analyser as 
shown in Fig. 8.2, so that the lengths of the connections were of the order of 1cm or less. 
Fig. 8.2   Hewlett–Packard 4192A Impedance Analyzer with mounted test 
capacitor. 
Capacitor 
Impedance Analyser 
Electrical connections 
(bleed resistor disconnected) 
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8.4 Thermal Measurements 
Capacitors affected by corrosion–induced edge disconnection were presumed to lack edge 
connected at the outer periphery to some point deeper into the spiral winding where the edge 
connection still existed.  The current in the edge–disconnected metallization was 
circumferential in orientation.  Representative modelling and testing of a vestigial link 
required it to be firmly embedded in a spiral wound capacitor host in order to reproduce the 
thermal and mechanical effects impacting an actual link deep in a working capacitor. 
8.4.1 Temperature Rise in Cylindrical Capacitor with Circumferential Connection 
A new commercial MPP capacitor having no schooping metallization was used.  The mandrel 
was pressed out and electrical connection made to the inner metal surfaces of the two wound 
strips.  A thermocouple temperature sensor (T1) was then placed in firm contact with the inner 
surface of the windings via the central hole as shown in Fig. 8.3.  The temperature 
measurement resolution of the instrumentation used was 10C.  A Styrofoam® pad was applied 
to one end of the cylinder to mimic the poor axial heat dissipation represented by the casing in 
a typical capacitor package.   
Wooden packing was used to fill the space in the capacitor roll.  The packing, with its low 
thermal conductivity restricted heat loss from the inner core of the winding, mimicking the 
effects of the insulating mandrel and external plastic case mounts in a typical capacitor.  The 
Fig. 8.3   Internal temperature rise test capacitor configuration for spiral–wound 
capacitor.. 
Electrical connections 
Cross section: two spiral–
wound metallised strips 
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packing ensured that the inner space assumed the temperature of the inner surface of the 
winding, thus making temperature measurement less critical with respect to the physical 
nature of the probe.  Thermocouple probe T2 was attached with thin tape to the outer diameter 
of the capacitor winding. 
An hour was allowed between readings to ensure temperatures had stabilized.  Applied 
voltage was incremented after each reading.  This process was continued up to 100 Vac input. 
It was necessary to house the model capacitor in a refrigerated temperature–controlled area 
for some of the readings to permit greater internal temperature rise without exceeding the 
temperature limits of the polypropylene.   
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8.4.2 Vestigial Link Temperature Rise 
A strip of MPP film was cut such that a narrow strip typically 3mm to 5mm in width and 
length, was created in the middle of a length of metallised film.  Connection was facilitated by 
cutting the strip back to full width with a taper as shown in Fig. 8.4.  Where necessary, further 
excision of the width of the connecting portions either side of the narrow central square, was 
done to mount the test strip in the capacitor host.  The purpose of the host capacitor body was 
to provide representative thermal insulation and constraint similar to that experienced by 
actual vestigial links within a capacitor.  A used MPP cylindrical capacitor was incised and 
separated to half the depth of the winding on opposite sides of the cylinder for this purpose, as 
can be seen in Fig. 8.4. The physical layout is depicted in Fig. 8.5.  The outer layers were 
removed as a solid piece to provide a solid overlay for the test strip.  A temperature probe 
access hole was drilled at an angle to the axis of the capacitor, radially inward toward one 
end, to allow later fitting of the probe.  The prepared film sample was then laid axially over 
the partitioned capacitor so that the narrow metal strip was centrally located over the 
temperature probe hole and the connection ends were at each end of the capacitor cylinder.  
Fig. 8.4   Test capacitor assembly for measurement of vestigial link temperature rise. 
Temperature probe access hole 
Multiple layer overlay. 
Model vestigial link. 
Connection ends 
Multiple layer underlay. 
Partitioned used 
capacitor 
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The previously removed outer layer block was then clamped firmly back in place over the test 
film. 
A thermocouple probe was threaded into the mandrel hole and up through the temperature 
sensor hole so that the underside of the model vestigial link was in contact with the probe. 
A second thermocouple temperature probe was taped against the outside of the model 
capacitor. 
Electrical connections were made to the external connection points on the test strip. 
Current in the vestigial link was increased in increments at one–hour intervals after internal 
and external temperature readings were taken at each current level.  The process was 
continued until fusing of the vestigial link occurred.  As well as providing temperature data on 
the link, this procedure provided a measure of the fusing current of a model link with thermal 
insulation present over the metallised area. 
 
Fig. 8.5   Schematic of vestigial link test assembly. 
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The complete test assembly wired for testing is shown in Fig. 8.6. 
Fig. 8.6   Complete vestigial link test assembly. 
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8.5 Metallised Film Fusing Current Determination 
Long narrow strips of MPP film, similar in shape to those used for vestigial link 
measurements, were crafted out of normal metallised polypropylene capacitor film.  As 
depicted in Fig. 8.7, the narrow central portion was typically 10 cm to 20 cm in length.  Strips 
of various widths were used to uncover any impact of strip width on the fusing current 
determinations.  Typical widths were from 3 mm to 10 mm.  The strips were tested free–
standing in air.  Some strips were tested with clear adhesive tape applied to the front and back 
of the strip in the test area in order to determine the effect on fusing current of mechanical 
support of the polypropylene substrate. 
 
Fig. 8.7  Fusing current test strip. 
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Chapter 9:  Experimental Results 
9.1 Introduction 
In this chapter, measured electrical and thermal characteristics of commercial capacitors and 
model capacitors with full edge disconnection are reported.  In addition, the typical measured 
fusing currents of model strips of metallised film typically used in MPP capacitors are 
described, together with the temperature rises of a model vestigial link buried in a host 
capacitor body.   
Complete profiling of temperature over the radius of a test capacitor or around a vestigial link, 
was not developed.  Instead, peak temperatures within typical capacitor bodies under worst 
case conditions were detailed for various combinations of metal film resistivities and input 
voltage levels.  Temperature rises were relative to the outer surface of the capacitor rolls.   
The parameters of capacitor equivalent series circuits for various capacitors are calculated and 
compared to measured results. The capacitors tested included a circumferentially connected 
capacitor, a normal fully–edge connected capacitor and a used and degraded capacitor 
exhibiting reduced overall capacitance. 
9.2 Electrical Characteristics of a Circumferentially Connected Capacitor 
A commercial cylindrical polypropylene capacitor without schooping end–spray was used to 
model a long length of wound “disconnected” strip as may be caused by corrosion.  
Metallization was 35 mm wide and the initial strip length was 39.2 m or 1121 squares.  
Resistivity was measured to be 2.92 Ω/sq. and the total nominal capacitance was 8 µF giving 
a value for C of 7.14 nF/sq.   
Electrical connections were made to each of the two strips at the outer periphery by partially 
unwrapping the strips and clamping connecting pads to the metallization. 
This method of connection incurred an unavoidable external electrical path of a few squares 
of metal strip between the capacitor proper and the HP 4192A Impedance Analyzer.   
With a metal film resistance of 2.92 Ω per 35mm for each of the two strips, several ohms of 
external resistance was readily incurred in making the external connections.   
Direct measurement of this effective “source” resistance was difficult as the transition point 
between external connection and the transmission line part of the capacitor–proper is 
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indistinct.  Instead, the value was determined in each case by curve matching to the 
experimental result.   
Similarly, values for the effective source inductance generated by the connecting circuit were 
determined by curve matching to the experimental results. 
RD was determined using (4.29).   
After measurements were taken at one particular length, the wound strip length was reduced 
by removing some outer layers. This process was repeated for a number of strip lengths.   
Each length was in units of strip–width or squares. 
Estimates of the capacitor parameters were obtained using approximation formulae described 
in Chapter 4:  
Table IX shows the measured and optimum values for the equivalent circuit values used for 
the three capacitor strip lengths. 
 n (squares) 33.1 121 721 
Metal Film R R (Ω/sq.) 2.92 2.92 2.92 
Distributed C C (nF/sq.) 7.136 7.136 7.136 
R dielectric RD (Ω) 135 36.9 6.19 
R source RS (Ω) 18 23 13 
 
RD is the dielectric loss resistor and RS is the best–fit equivalent source resistance due to 
connection impedance. 
Table IX  Parameters for three test strip lengths of experimental 
capacitors connected at a common end. 
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9.2.1 Equivalent Series Resistance 
In Fig. 9.1, the experimental determinations of apparent RES as measured at the test terminals 
of the HP 4192A LF Impedance Analyzer are shown as data points overlaid by the curves for 
the predicted value RES profiles obtained using empirical formula (4.11), (4.29). The effects of 
connection resistance and dielectric loss is included. Results are shown for three different 
lengths of circumferentially–connected strips. 
As can be seen, the predicted values are in good agreement with the experimental results for 
the three configurations.  The characteristic upward inflexion of the equivalent series 
resistance from the constant asymptote at the low frequency end for the 33 square length of 
metallised strip is due to the inclusion of a resistance inversely proportional to frequency.  
This resistance modelled dielectric loss. Constant dielectric loss, a characteristic of 
polypropylene capacitors, causes the low frequency asymptote for RES to have a gradient 
proportional to 1/f. 
Without source impedance, all three curves theoretically converge to a common asymptotic 
line falling at a rate proportional to the square–root of frequency (Section 7.2.2).  However, as 
seen in Fig. 9.1, above around 10 kHz, all three curves bend upward from this descending 
Fig. 9.1   Experimental and theoretical determinations of RES for three 
experimental single–end connected capacitors. 
10.00
100.00
1000.00
10000.00
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Hz
Oh
m
33 sq. exptl
33 sq. formula
121 sq. exptl
121 sq. formula
721 sq. exptl
721 sq. formula
Chapter 9: Experimental Results 
 
—            — 
 
163 
asymptote. This departure from the asymptote is due to the presence of source impedance via 
the input connection. The effect is described in terms of the impact on DF in Section 4.6. 
9.2.2 Equivalent Series Capacitance 
Empirical formula–predicted capacitance (4.22) is shown in Fig. 9.2, as the solid lines 
overlaying the experimentally determined data points.  As can be seen, the curves closely 
matched the experimental values, with some discrepancy in the 721 square length capacitor at 
low frequency. 
Fig. 9.2   Empirical formula–predicted and measured (experimental) CES for 
single–end connected experimental capacitors. 
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9.2.3 Dissipation Factor 
The predicted characteristics of DF derive from the results of Sections 9.2.1 and 9.2.2 and 
including connection resistance and dielectric loss, are shown, in Fig. 9.3, as the solid lines 
overlaying the experimental values shown as data points.  As can be seen, the match between 
theoretical and experimental determinations was very close.  The flattening asymptote with 
reducing frequency for the 33 segment capacitor was due to the typical, constant low 
frequency dissipation factor characteristic of polypropylene capacitors.  In this case, the 
dielectric modelling resistor RD was given a value corresponding to a floor dissipation factor 
of 0.0002. 
Without source impedance, the upper asymptote of all traces is 1.0, but the effect of 
connection impedance was to curve the graphs upward with frequency as shown in Fig. 9.3. 
(The phenomenon is described in Section 4.6).  Each connection had different values for 
source/connection resistance due to unavoidable variability in making the connections.   
9.2.4 Summary of Electrical Characteristics of Circumferentially Connected 
Capacitor Strip 
The measured electrical parameters for a true single–end connected spiral wound capacitor 
topology, closely matched predictions determined by approximation formulae.  There was no 
evidence of self resonance in the frequency range tested.  In general, the characteristics 
matched a pure R–C transmission line model of the capacitor, but modified by the effect of 
Fig. 9.3   DF determined experimentally compared to formula–predicted values for 
experimental capacitors with strips connected at a common end (single–end connected). 
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resistance between the capacitor and the test instrument. This resistance causing the DF to 
slope upward at around 1MHz.  Although some matching of the effect of dielectric loss was 
applied in imposing a floor on the low frequency DF, the effect was generally not strongly 
evident in the results as the DF did not fall to the typical value of 0.0002 in the frequency 
range tested.  The dielectric losses were swamped by the losses in the circumferentially 
connected strips thus maintaining high values of DF.  The results indicate that only at 
frequencies well below the operating range of the test instrument used (10 Hz), would the 
ohmic losses have fallen below those of dielectric losses. 
 
9.3 Testing of a New Commercial Capacitor 
A new 8 µF, 415 V commercial polypropylene capacitor, with characteristics listed in  
Table X, was tested to compare experimentally–determined capacitor parameters with those 
produced by the empirically–derived formulae. 
n (squares) 892 
R  2.87Ω/sq. 
C  9.67nF/sq. 
RD (0.00005) 0.992Ω 
RS  0.004Ω 
LS  40mH 
GES  1/1.5MΩ 
 
Each square had an edge dimension 35 mm; RD is the dielectric loss resistor and was 
calculated from (4.29) for a floor DF of 0.0005. This value produced the best fit of theoretical 
the measured results for DF.  Similarly RS, the equivalent source resistance due to connection 
impedance, is scaled for best fit, as are LS and GES, the equivalent source inductance and the 
equivalent “series” conductance respectively. 
Table X  Measured and best–fit values for the new commercial capacitor. 
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9.3.1 Equivalent Series Resistance 
The values of RES derived from measured data shown in Fig. 9.4 corresponded well with the 
predicted values incorporating dielectric loss Section 4.4and leakage conductance (Section 
4.5) as described in Section 4.2.1.  The capacitor self–resonated between 200 kHz and  
500 kHz as indicated by termination in the plot above 100 kHz.  The formula–predicted 
values showed high initial values of RES at low frequency, these values falling with frequency. 
The high initial RES values are due to dielectric loss and leakage conductance, represented by 
GES.   
The theoretical modelling of the constant dissipation factor of the polypropylene capacitor 
requires a resistance that is inversely proportional to frequency This reproduces the constant 
dissipation factor at low frequency.  The frequency dependent resistance included in RES 
successfully models the asymptotic fall in DF in the frequency range between about 100 Hz 
and 1000 Hz.  At lower frequencies, parallel conductance may dominantly determine the 
capacitor DF. The resulting characteristic is also inversely proportional to frequency. 
Fig. 9.4   Experimental and formula–determined values of RES for a new 
commercial capacitor with double–end connections. 
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9.3.2 Equivalent Series Capacitance 
The measured equivalent series capacitance depicted in the chart of Fig. 9.5 closely matched 
formula–determined values (Section 4.2.2).  The R–C filter pole frequency for this capacitor, 
evaluated to around 14 MHz, well above the typical 200 kHz self–resonance frequency of the 
capacitor.  The rise in effective capacitance above 100 kHz, as shown in Fig. 9.5, was due to 
resonance effects between the lumped self inductance and internal capacitance of the 
capacitor.  Equivalent series capacitance has no meaning past the resonance frequency. 
 
 
Fig. 9.5   Experimental and formula–determined values of CES for a commercial 
capacitor with double–end connection. 
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9.3.3 Dissipation Factor 
The theoretical results shown in Fig. 9.6 incorporated the modelling of dielectric loss and 
shunt conductance at the input and are derived from the results for RES and CES described in 
Sections 9.3.1 and 9.3.2 respectively.   
The match with experimental results was strong with a characteristic initial fall at low 
frequency due to fixed equivalent conductance across the capacitor input terminals. This 
conductance resulted in fixed in–phase current independent of frequency. The combination of 
this current with the capacitor current, which increases with frequency, results in the DF 
asymptote in this regime, falling directly with frequency.  The plateau section between 100 
Hz and 1000 Hz was largely determined by RD modelling of the constant low frequency 
dissipation factor characteristic of polypropylene.  However, the combination of the effects of 
parallel or shunt conductance and series resistance modelling dielectric loss required the 
assumption of a floor value of DF to be 0.00005 for best fit to the measured results.  This is 
around an order of magnitude lower than the typical DF values given for polypropylene by 
Boedeker (Appendix G, p. 226).   
The abrupt rather than smooth change in the slope of the measured DF at around 1 kHz was 
not matched by the theoretical modelling and is unexplained.   
Fig. 9.6   Experimentally–determined and formula–determined DF for a new 8 µF 
commercial capacitor with double–end connections. 
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9.3.4 Summary of the Equivalent Circuit Character of a New Capacitor 
The capacitor measured showed a low frequency RES asymptote falling directly with 
frequency. This falloff was due principally to dielectric loss combined with some shunt 
conductance loss in the capacitor.  Modelling of RES that is solely due to metal film losses, 
was characteristically constant, independent of frequency in this domain, as shown in  
Section 4.2. 
The curve for measured CES values was closely matched by the predicted values, including the 
characteristic increase in effective capacitance near the self–resonance frequency. 
The measured results for DF changed abruptly rather than smoothly at the transition between 
quasi–constant values at low frequency and the asymptote proportional to frequency 
characteristic of metal film ohmic losses. This sharpness is not predicted by the empirical 
formula.   
At this inflexion point between constant and rising DF, the measured results also showed an 
unexplained  sharp dip in the RES values.   
Except for this knee area, the formulae–derived results effectively matched the measured 
results of all measured characteristics, including the flat dissipation factor due to dielectric 
loss and rising dissipation factor due to metal film losses. 
The results also demonstrated that single–end based modelling was quite applicable to a 
normal commercial capacitor having double–end connection topology, within the typical 
normal operating frequency range of this capacitor . 
The necessity in this experiment, to assume a very low value for the polypropylene DF to 
obtain best curve matching, may point to some interaction of the effects of equivalent shunt 
conductance and frequency–dependent resistance, the first to model shunt resistance losses 
caused by leakage, the second to model dielectric loss. 
Both are primarily related to the insulation properties of a capacitor.   
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9.4 Testing of a Degraded Used Capacitor 
A nominal 6 µF used power capacitor of the same genre and made by the same manufacturer 
as the capacitor in Section 9.3 was selected for modelling.  The capacitor exhibited 
catastrophic failure in the form of polymer exudate projecting from the casing.  Measured 
capacitance had fallen to 1.74 µF from the nominal 6 µF.  Later dissection of the capacitor 
revealed considerable melting deep in the winding.  The unusual shape of the curves for DF, 
RES and CES mandated a composite model fit rather than a simple single capacitor model.  In 
this attempt, a two–capacitor hybrid model was tried.  This consisted of one capacitor with NC 
metallised squares connected normally at the schooping edge, in parallel with the other 
capacitor with ND squares circumferentially connected as described in Section 2.7 and 
analysed in Section 7.3.  Although a composite model can in principle have more than two 
capacitors connected in parallel, such multiple capacitor models become very complex and 
difficult to deploy. 
Metal film spreading resistance was assumed to be the same as that of the capacitor in  
Section 9.3 since both were of the same type and manufacture.  Metal strip length was 
calculated from roll dimensions.  The parameters listed in Table XI were measured or 
obtained by best fit. 
n (squares) 469 
NC 422 
ND 47 
R  2.87 Ω/sq. 
C  3.71 nF/sq. 
RD (0.0002) 0.92 Ω* 
RS  0.004 Ω 
LS  30 mH 
G 
 
NA 
* Calculated for DF=0.0002 
 
Table XI  Measured and best–fit parameters for degraded 
commercial capacitor with two equivalent capacitor modelling. 
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9.4.1 Equivalent Series Resistance 
As seen in Fig. 9.7, the fit between experimental and formula–predicted results for composite 
RES (Section 2.7) was excellent, with good reproduction of the unusual shape in the frequency 
characteristic of the capacitor.  In a normal capacitor, equivalent series resistance due to 
losses in the metallic film is usually of the order of a few tens of milliohms and is constant 
with frequency up until self–resonance.  This characteristic is modified at low frequency by 
dielectric loss and shunt conductance.  The dielectric modelling resistor and shunt 
conductance had no effect on the results in the modelling of the degraded capacitor. The 
hybrid capacitor model with 10% edge disconnection, had losses much higher than losses 
normally expected due to dielectric and leakage losses, thus masking the presence of such 
losses.   
Fig. 9.7   RES of a degraded commercial capacitor, compared to formula–predicted 
values assuming 10% partial internal edge disconnection. 
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9.4.2 Equivalent Series Capacitance 
As shown in Fig. 9.8, the match between measured CES values and theoretical values 
determined using a two–part, 10% edge–disconnected, composite model (Section 2.7) and 
formulae, was strong.  The measured frequency profile of the capacitance was closely 
matched by the formula–predicted results confirming the effectiveness of the two–capacitor 
analogue for the damaged capacitor in this case. 
Fig. 9.8   CES of a degraded commercial capacitor compared to formula–
predicted values using a two part capacitor model (10% disconnected). 
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9.4.3 Dissipation Factor 
The measured dissipation factor, as can be seen in Fig. 9.9, was quite different to the normal 
pattern for a good capacitor.  Nevertheless, the match between measured and theoretical 
predictions was excellent. The predicted DF was derived from the results of Sections 9.4.1 
and 9.4.2.  The two–capacitor hybrid equivalent model proved to fit the measured results well 
over the frequency range tested. 
 
9.4.4 Summary of the Character of the Equivalent Circuit of a Degraded 
Capacitor 
A two capacitor analogue of a degraded capacitor with 10% assumed edge disconnection, 
modelled the external electrical characteristics of the capacitor very well, indicating that in 
this case at least, it was not necessary to employ more than two separate capacitors to model 
the degraded capacitor. 
The results indicated that whatever the internal damage, the capacitor could be considered as 
equivalently broken up into a normal–edge connected part and a part with an extended 
electrical path due to loss of direct edge connection between the metallization and the 
schooping. 
The conformance in this trial between measured results and theoretical results using equations 
derived from single–ended diffusion modelling of a normal capacitor, supported the 
Fig. 9.9   Measured and formula–predicted DF for a degraded commercial capacitor, 
using a two–part capacitor model (10% edge disconnection). 
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applicability of these equations in modelling normal double–end connected capacitor 
realizations. 
 
9.5 Metal Film Fusing Current Density 
Shown in Table XII are the measured fusing current densities for 2.588 Ω/square resistivity 
metal on 8 µm polypropylene support.  Calculated equivalent thickness of the metallic layer 
was 10.47 nm.  The 35 mm wide metallised strip was cut down to various widths for testing 
as indicated.  Sample 5 was a model vestigial link buried in a model capacitor as described in 
Section 8.5. 
Fusing Current Density 
Strip Sample I (A) J (kA/cm2) 
1 Long strip in air with Cellotape5, 8mm wide, double layer 0.254 303 
2 Long strip in air.  7.5mm wide, double layer 0.219 279 
3 Long strip in air.  10mm wide, double layer 0.290 277 
4 Short strip in air.  Single layer with Cellotape; 3.8x3.8 mm square 0.167 418 
5 Short strip (vestigial link) embedded in capacitor.    3.5x3.5 mm.   0.155 411 
 
                                                 
5
 “Cellotape”: common office clear adhesive cellulose tape. 
Table XII  Measured fusing current density of freely supported model strips of 
metallised film in open air. 
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The test strips exhibited severe shrinkage or shrivelling along the length as shown in  
Fig. 9.10.  This mechanical contusion due to heat induced relaxation of the inbuilt stress in the 
polypropylene substrate appears sufficient to effectively define the strip temperature at which 
failure of the metallization film occurs. 
 
9.5.1 Discussion of the Fusing Current Levels of Capacitor Metallization 
Typical measured values of fusing current density were between 270 kA/cm2 and 420 kA/cm2 
depending on the test configuration.  The values were considerably lower than indicative 
estimates of fusing current developed in Section 7.4.5.  These values ranged from 967 kA/cm2 
for a temperature of 1050C to 1627 kA/cm2 for a temperature of 6600C.  The estimates were 
made with the assumption of linear scaling between metal film temperature rise and power 
dissipated in the film.   
Fig. 9.10   Fuse current density test strips showing distortion and failure. 
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Closer examination of the assumption of this relationship may be warranted for fuller studies.  
Other variables were in the nature of the vacuum deposited metallic film compared to 
normally–manufactured conductors, and the effect of substrate topology and behaviour on the 
ultimate current capability of the metal film.  Release of the inbuilt tension in the 
polypropylene that is incurred during biaxial orientation, disrupted the metal film at 
significantly lower temperature than needed to fuse the metal directly. 
Strips 1, 4 and 5 had added mechanical support either through adhering clear adhesive tape or 
through being sandwiched within the layers of a host capacitor.  Mechanical support may 
have reduced the tendency of the polypropylene film to crinkle up as temperature increased 
with increasing current.  This may explain the generally higher fusing current densities of 
these strips compared to strips 2 and 3 which were not mechanically supported. 
Another factor that may have resulted in higher fusing current in some strips is the geometry 
of the test sections.  In the case of strips 4 and 5 which had short test sections corresponding 
to model vestigial links, heat generated in the link may have been partially channelled away 
by the coupled wide sections of film on two sides of the link.  This may explain the 
considerably higher fusing currents in the short length vestigial links compared to the long 
strips used for other measurements. 
The results indicated that metal film current densities above 100 kA/cm2 are at risk of 
disrupting the metal film in a typical polypropylene capacitor, irrespective of the environment 
of the film. 
Calculations showed that the frequency of a 100 V ac applied voltage must be below 56 kHz 
to keep the maximum metal film current density below 100 kA/cm2 for a typical 8 µF 
capacitor having a strip length of 28 m (800sq.) and an equivalent metal film thickness of  
10.1 nm (8 Ω/sq.). Above this frequency, the voltage must be progressively reduced to stay 
below the current density limit. 
9.6 Temperature Rises in Degraded Capacitors 
Direct experimental confirmation of the theoretical results of Section 7.4 and 7.5 was not 
possible, as the predicted temperature rises far exceeded the temperature capability of the 
materials used in polypropylene capacitors.  In addition, it is extremely difficult to measure 
the distributed internal temperature of a capacitor without disturbing or damaging the 
capacitor.   
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However, since the capacitor model for heat dissipation was essentially a linear thermal 
system, experimental measurement at a selection of operating conditions linked to the 
theoretical analysis were used to test the accuracy of the peak predicted temperature and 
current levels.  From the point of view of the effect on the materials in a capacitor, the peak 
temperature rise was more important than the temperature profile.  Thus the measurements 
were made at the point of maximum temperature rise in the model. 
The testing was conducted using a specially configured spiral wound capacitor as described in 
Section 8.4.1.  Vestigial link temperature rise was tested with a model vestigial link embedded 
in a modified host capacitor as described in Section 8.4.2. 
9.6.1 Temperature Rise of Circumferentially Connected Spiral–Wound Capacitor 
Characteristics of the model capacitor lacking schooping end connections were measured 
using a Hewlett Packard 4192A LF Impedance Analyser.  Other parameters were obtained 
from physical measurement of samples taken from the capacitor.  The results from the 
measurements were then used with diffusion analysis equations to obtain inferred values for 
the frequency–dependent parameters and for equivalent source resistance. 
The parameters obtained were: 
Metal film spreading resistance (R)=2.886 Ω/square (35 mm x 35 mm), 
Capacitance per square (C)=5.12 nF/square, 
Metallised film length n=556 squares, 
Metallization width (w)=35 mm (38.45 mm capacitor width), 
Connection resistance to instrumentation (RS)=12 Ω, 
Equivalent metal film thickness (tM ) = 9.41 nm. 
Temperature measurements at the inner radius of the experimental capacitor cylinder  
(Section 8.4.1), were taken at four input voltage levels from 0 to 100 V ac.  The 100 V 
measurement was taken with the test capacitor assembly mounted in a refrigerated 
environment maintained at a temperature of 20C.  The low temperature was necessary to avoid 
exceeding the temperature capability of the polypropylene.  Before each increase in voltage, 
the metal film temperature of the inner coils of the capacitor, the outer surface temperature, 
the input voltage and the input current of the cylindrical capacitor were measured.  Increments 
in applied voltage were spaced one hour apart allowing time for the temperature inside the 
capacitor to stabilize.  Measured voltages for the four test levels were 35.36 volt, 50 volt, 70.7 
volt and 100 volt.  AC input voltage was set using a variable transformer with an unstabilized 
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mains voltage supply.  Manual adjustments were made to correct any slow change in the 
voltage whilst the test was in progress.   
As a broad preliminary check of the accuracy of the characterisation of the capacitor, the 
measured and predicted input current were compared and are shown in Fig. 9.11.  Predicted 
input current was determined using diffusion equation modelling of the long spiral wound 
double–strip capacitor with both electrical connections at the inner end.   
As can be seen, the two determinations corresponded closely over the voltage range 
measured, confirming the general accuracy of the nominal capacitor parameters listed at the 
start of this section.   
Fig. 9.11   Theoretically–predicted and measured test capacitor current.  R=2.58 Ω/sq.   
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The correlation between the measured and predicted temperature rise (Section 5.2) at the 
inner diameter of the capacitor, as seen in Fig. 9.12, was consistently close with the measured 
value differing from predicted values by less than 40C over the range tested.   
 
Fig. 9.12   Measured temperature rise in circumferentially connected spiral wound 
capacitor.  R=2.88 Ω/sq., n=556. 
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9.6.2 Temperature Rise of Model Vestigial Link inside a Capacitor 
A 23.5 mm diameter used cylindrical capacitor was used as the housing for model vestigial 
link test strips.  AC input voltage was incrementally increased at intervals of one hour, after 
the internal and surface temperature was measured (Section 8.4.2).  The aluminized strip used 
for the vestigial link had a measured spreading resistance of 2.588 Ω/sq. 
Shown in Fig. 9.13 is a chart of the measured and predicted temperature profile (Section 5.3) 
of a 3.8mm square model vestigial link plotted against current density in the link.  The 
temperature rise was broadly proportional to the square of the current through the link.   
The experimental link fused at a current density of 458 kA/cm2.   
  
Fig. 9.13   Theoretical and measured temperature rise in a vestigial link embedded in 
a capacitor body. 
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9.6.3 Typical Example of a Thermally Damage Capacitor 
The sectioned capacitor shown in Fig. 9.14 clearly failed at the worst location for temperature 
rise, near the heavy edge, deep in the capacitor winding and at the end of the casing. This end 
has poor heat dissipation capability due to thermal blocking represented by the capacitor 
casing.  The graphic illustrates the poor thermal connection of the core of the capacitor to the 
outside environment, particularly at the right hand end where the capacitor winding is closely 
surrounded by the capacitor. There is no access for cooling air at this end.  Thus the validity 
of the assumption of virtually zero radial heat–flow inwards (Section 5.2) is substantiated by 
the illustration. 
Temperature and therefore failure probability may be highest midway between the end–caps 
and close to the mandrel because this position almost certainly has the poorest thermal 
connection to the external environment of any points in the capacitor. 
 
9.6.4 Discussion of Temperature Rise and Distribution in Degraded Capacitors 
The measured temperature rise for the vestigial link was consistently around 60% higher than 
predicted over the voltage range used.  In contrast the measured temperature rise for the 
circumferentially connected capacitor strip was slightly lower than the predicted value.  
Fig. 9.14   Cross section of a catastrophically–failed 8 µF MPP capacitor. 
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Although two different capacitors were used for the trials, the same thermal resistance was 
assumed for both for theoretical modelling. 
A nominal textbook value of 4.762 K–m/watt (McCrum et al. 1997 p. 315) was used for the 
thermal resistance of polypropylene in both cases. 
However, Boedeker (Appendix G, p. 226) gives thermal resistance values between 8.56 and 
9.1 K–m/watt for pure polypropylene whilst Goodfellow (Appendix H, p. 227) lists a range 
from 4.54 to 10 K–m/watt.  The wide range of values typically quoted in the literature 
indicates strong variation in the value depending on composition and structure of the 
polypropylene.   
In addition, the uncertain effect of lamination and composition of the polypropylene layers in 
a wound capacitor make the value of macroscopic thermal resistance difficult to predict.  If a 
value of 7.62 K–m/watt had been used instead of 4.762 K–m/watt, the theoretical and 
measured temperature rises of the vestigial link correspond almost exactly, but the 
correspondence for the circumferential strip heating is made worse. 
Although similar in size and construction, the two capacitors used in the experimental trials 
were also different in age and condition.   
Thus the two capacitor bodies may have had different values for thermal resistance. 
Other assumptions and approximations in the theory, combined with the practical difficulty in 
measuring temperature rises within a capacitor body, limited the accuracy in these trials. 
Nevertheless, the closeness of the predicted and measured results attest to the effectiveness of 
the modelling and point to dangerous increases in internal temperatures of capacitors 
suffering partial edge disconnection. The disconnection can typically result from corrosion 
but other mechanisms of edge disconnection may have similar effects.   
The confirmation of large internal temperature and associated current density rises in 
capacitors suffering metal film edge disconnection film current densities, highlight the danger 
of corrosion to the endurance of metallised polypropylene capacitors. 
The over–heating situation worsens rapidly with increasing frequency and voltage and the 
modelling indicated that very little edge–disconnection could be tolerated before temperature 
rises exceeded the capability of the polypropylene. 
The modelling and experimental data confirmed that vestigial links are a particular threat to 
the dielectric and can be expected to present narrow, hot burdens on the insulation.  As edge 
corrosion progressively increased the length of an isolated strip or narrows existing vestigial 
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links supplying current to the remnant metallization, the vestigial connections may 
sequentially blow, particularly in the presence of switching transients.  Coming after what 
may be prolonged heating at the links failure of the dielectric seems certain, leading to 
catastrophic failure of the capacitor typically exemplified in Fig. 9.14.  This capacitor shows 
damage likely to have originated from overheating.  The melted area is centred in the region 
predicted to be most at risk, deep in the capacitor body and at the worst position for heat 
dissipation.  This places the likely position closer to the mounting screw end of the capacitor 
rather than at the more open opposite end. 
9.6.5 Summary of Effects of Temperature Rises due to Capacitor Degradation 
Experimental work done in this section showed that temperature rises within a 
circumferentially connected capacitor, and of a vestigial link within a capacitor, were 
sufficiently close to predicted temperature rises to confirm the general accuracy of the 
theoretical modelling.  In the case of the circumferentially connected spiral–wound capacitor, 
the correspondence was within 40C over the full voltage range tested.  The measured 
temperature rise of a model vestigial link was within 60% of theoretical predictions over the 
tested range.   
The substantiated high temperature rises due to edge disconnection, in turn validated the 
existence of serious dangers to capacitors from internal overheating.  For general use 
capacitors, the overheating, due to edge–disconnection and to the creation of vestigial links, 
was most likely to be caused by progressive edge–corrosion of the metallised strips.   
Since at 1 kHz and 100 Vac, the predicted temperature rise of a capacitor with near–full edge 
disconnection was up to an order of magnitude above a typical maximum operating 
temperature rise allowable in a polypropylene capacitor, incidence of catastrophic failure of 
capacitors due to atmospheric corrosion is virtually certain.   
When the input voltage is higher than the 100 V assumed for the theoretical modelling, such 
as 240 V or 415 V for which these capacitors are typically rated, edge disconnection by any 
process becomes even more critical. 
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Chapter 10:  General Discussion 
10.1 Overview 
The objectives of this research study were: 
1. To configure and apply distributed circuit diffusion equation modelling to typical 
single–end connected cylindrical MPP power capacitors (Section 2.4). 
2. To test and establish the accuracy and range of applicability of lumped element 
distributed circuit modelling of typical single–end connected cylindrical MPP 
capacitors against the results of diffusion equation modelling of these capacitors 
(Chapter 2: ,Chapter 6: ) . 
3. To explore and contrast the characteristics of double–end connected cylindrical MPP 
capacitors compared to equivalent single–end connected cylindrical MPP capacitors, 
using lumped element distributed circuit modelling within the range of applicability 
determined for single–end connected lumped element modelling (Chapter 2: ,  
Chapter 6: ). 
4. To determine current density, voltage and power distributions in the metallised film 
and dielectric of typical cylindrical MPP capacitors for both single–end and double–
end connected topologies. (Section 6.3). 
5. To use diffusion equation modelling to derive approximate describing formulae for the 
classical capacitor series equivalent circuit resistance, capacitance and dissipation 
factor of a single–end connected cylindrical capacitor, particularly with respect to 
frequency, metal film resistance, distributed capacitance and geometric parameters.  
(Section 4.2). 
6. To variously quantify and estimate the distributed and lumped inductances of typical 
cylindrical MPP capacitors, for both single–end and double–end connection topologies 
and for connections where current is forced to flow circumferentially in the metallised 
strips. (Chapter 3: ) 
7. To develop a full characteristic bode plot of the dissipation factor of typical MPP 
capacitors, incorporating the effects of leakage conductance, dielectric loss, metal film 
resistance, distributed capacitance and effective connection resistance of a capacitor. 
(Section 4.6). 
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8. To determine theoretically and experimentally a range for the fusing current densities 
in typical MPP films. (Sections 7.4, 9.5). 
9. To determine the effect of loss of direct edge connection to the schooping of part of 
the length of the metallised strips, on capacitor characteristics and spatial distributions 
and magnitudes of metal film current densities and power loss. (Section 2.6, 2.7, 4.8, 
7.2, 7.3, 7.4, 7.5, 9.2, 9.6). 
10. To determine theoretically and experimentally, increases in temperature and critical 
metal film current density due to of loss of direct edge connection of strip 
metallization and of creation of vestigial bridges across the isolating gaps between 
metallization and schooping. (Sections 2.6, 2.7, 4.8, 7.2, 7.3, 7.4, 7.5, 9.2, 9.6).  
11. To uncover and confirm any linkages between metal film corrosion or other processes 
which result in formation of a circumferential gap between the schooping and the 
metal film, and catastrophic failure of the capacitor due to consequent temperature rise 
and increased current density in the metal films. (Sections 2.6, 2.7, 5.2, 5.3, Chapter 7: 
Chapter 9: ). 
12. To test the efficacy of hybrid modelling of degraded capacitors utilising distributed 
circuit modelling methods and approximation equations derived in this work. 
(Sections 7.2, 7.3, 9.4). 
13. To develop preventative or palliative solutions to the effects of corrosion–induced 
edge disconnection on the durability of MPP capacitors, that can be implemented in 
manufacture. (Section 10.10). 
The research described in this report has met all of these objectives and achieved significant 
advances in the understanding of the relationships between the physical parameters of a 
capacitor and its electrical performance characteristics.  Simple formulae defining equivalent 
series resistance (Section 4.2.1) and capacitance (Section 4.2.2) of the classical capacitor 
equivalent circuit have been derived for these previously invariant equivalent circuit 
components.  A method of characterising dielectric loss and incorporating a modelling 
element in the equivalent capacitor circuit model has been developed and tested (Sections 4.4 
and 4.5).  The relative performance of single–end and double–end connected capacitor 
topologies has been explored in detail (Sections 2.3, 2.4, and 2.5), providing insight into 
current, voltage and power distributions within these capacitors as well as in their external 
electrical characteristics.  A prime mechanism linking corrosion and the generic catastrophic 
failure of MPP capacitors has been identified (Sections 5.2, 5.3) and simple counteractive 
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measures suggested (Section 10.10). These measures, which are implemented during 
manufacture, may in future significantly improve the reliability of MPP capacitors in common 
usage world–wide. 
10.1.1  Major assumptions used in this work. 
Modelling required a number of assumptions of equivalence between approximations to the 
physical processes of the capacitor concerned. These are discussed in detail in Appendix I. 
The major assumptions deployed when appropriate in this work were: 
1. Uniform voltage equal to the input voltage to be across the dielectric at all points in a 
capacitor operating under normal low–loss (low frequency) conditions (Section 2.5). 
This allowed relative comparisons of some parameters for single–end connected and 
double–end connected capacitor circuit topologies. Especially notable is the ability to 
apply diffusion analysis results to both for some parameters. This assumption was 
used only for specific conditions. 
2.  Representation of a thin flim capacitor consisting of a continuum of distributed 
resistance and capacitance, by a cascade of fixed value resistors and capacitors 
inductors and conductances (Chapters 2, 6). The representation is the foundation of 
standard diffusion equation model derivation but must be modified for numerical 
analysis which has a finite number of stages. 
3. Flow of heat generated by circumferential current in a cylindrical capacitor is assumed 
to be exclusively radial in an outward direction (Section 5.2). This assumption was 
made to generate analytical predictions of temperature rises due to edge–disconnection 
in a cylindrical capacitor model. 
4. Flow of heat generated by a vestigial link representing the sole connection of metallic 
film isolated by corrosion from the schooping, to be anisotropic in three dimensions 
from a sub–sphere representing the vestigial link (Section 5.3). 
5. Temperature rise due to internal heating in a capacitor and in a metal film, has a direct 
linear relationship with the amount of heat generated. This assumption underpinned all 
temperature rise analyses (Chapter 5: ). 
6. Areal heat dissipation from a fusing aluminium surface is constant at 124 kw/m2 for 
fuse wires as derived from Preece,s formula for fuses and that this can be applied to 
estimate the fusing current of thin aluminium films (Section 7.4.5). Further, that the 
rise in temperature up to the fusing temperature of 6600C is a linear function of heat 
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generated n the aluminium. These assumptions are critical to the estimation of fusing 
current magnitudes in the thin metallic films in this work. Accuracy required is not 
high and is not expected considering the changing and complex environments of the 
metallic films in a polypropylene capacitor. Confounding the estimates are early 
failure due to softening of the substrate. These are countered in the calculations in this 
work. 
 
The validity of the assumptions is variously born out by examination of their soundness as 
described in Appendix 1 and by the correspondence of theoretical and experimental 
results in this work. 
 
10.2 Diffusion Equation Modelling of Single–end Connected Cylindrical MPP 
Capacitors 
The linkage between the structure and components of a three dimensional distributed R–C 
model of a three dimensional multilayer capacitor, and a simple equivalent one dimensional 
distributed equivalent circuit has been firmly established in this work (Sections 2.3, 2.4 and 
2.5).  Although the modelling was performed with resistors and capacitors for simplicity, 
distributed inductance and leakage conductance accompany resistance and capacitance 
respectively and were therefore also covered in the modelling. 
Diffusion equation analysis of the distributed equivalent circuit was used to derive profiles for 
voltage and current in the distributed capacitor model (Section 6.3). 
The results obtained from diffusion equations were used to test the accuracy and limits 
numerical results obtained from modelling of a single–end connected capacitor using a 
lumped element 15 stage distributed equivalent circuit and PSPICE (Section 6.3).  The results 
obtained from the numerical modelling were found to be virtually identical to the results 
obtained from diffusion equation modelling up to frequencies typically more than two orders 
of magnitude above the self–resonance frequencies of MPP capacitors (Section 6.4).  This 
confirmed the legitimacy of the 15–stage lumped element model for the single–end connected 
capacitor topology and inferred its applicability to the double–end connected capacitor 
topology.  The double end connected capacitor topology is not readily modelled using 
diffusion equations thus requiring the use of discrete element distributed models for analysis. 
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10.3 Single–end Connected versus Double–End connected Capacitor Topology 
The capacitor modelling showed that the series equivalent resistance and series equivalent 
capacitance of the double–end connected capacitor have considerably wider bandwidth than 
the same parameters for a single–end connection topology (Section 6.4).  Typically the 
bandwidth was around five times greater than that of the single–end connected circuit 
topology. 
However for the parallel equivalent circuit model of the same capacitors, the results were 
quite different.  The bandwidths of equivalent parallel resistance and equivalent parallel 
capacitance of both connection topologies were very similar, except that the double–end 
connected topology parameters exhibited sharper fall–off with frequency. 
Dissipation factor of the double–end connected topology did not plateau at a value of 1.0 
unlike the dissipation factor of the single–end connected topology, but continued to rise with 
frequency. 
Voltage drop across the width of the metal film was similar for both connection topologies up 
to frequencies around an order of magnitude above the typical self resonance frequency.  
Above this, where voltage drop across the metal film became significant compared to the 
input voltage, the double–end connected topology capacitor had greater metal film voltage 
drop than the single–end connected capacitor topology. 
Current density distribution and power distribution across the width of one metal film were 
also very similar for both connection topologies within the frequency range where voltage 
drop across the dielectric was much greater than across the metal films. 
However, the dielectric voltage profile was quite different for the two connection topologies. 
(Section 6.3.3) The single–end connected capacitor had the maximum dielectric voltage at the 
input terminals, tapering off quasi–exponentially to a lower voltage at the opposite edge of the 
strip.  In contrast, the dielectric voltage profile for the double–end connected capacitor was 
symmetrical across the width and bath–tub shaped. It was also considerably more uniform 
than that of the single–end connected capacitor topology.  This inferred that better use of the 
voltage rating of the dielectric is achieved with the double–end connection capacitor topology 
than with the single–end connection topology. 
The combined cross–width power distribution profiles from the top and bottom layers were 
also quite different for the two capacitor connection topologies (Section 6.3.4).  However, the 
overall average magnitudes were very similar in both  Whilst the power loss for the single–
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end connection topology exhibited a quasi exponential falloff from a maximum at the 
connection side, the double–end connected topology had an initial magnitude around half that 
of the single–end connected topology and a bath–tub shaped distribution across the width of 
the strips.  This revealed that heating is much more uniformly distributed in a double–end 
connected capacitor circuit topology. 
For normal operation below typical self resonance frequencies, both capacitor connection 
topologies exhibited virtually identical behaviour.  The metal film voltage drop at 100 kHz – 
around half the typical self–resonance frequency of a low power 8 µF MPP capacitor with  
8 Ω/sq. metal film – was around 2% of the magnitude of the  input voltage and total power 
dissipated was around 1 watt for 100 Vac input for both connection topologies.  
Corresponding hypothetical current density in the aluminium film was 427 kA/cm2 which as 
described in Section 9.5 is intolerable.  This means that this capacitor cannot operate with  
100 V ac input at 100 kHz. 
 
10.4 Approximation Formulae for Equivalent Series Resistance and Equivalent 
Series Capacitance 
Diffusion equation modelling of a simple distributed R–C model of single–end connected 
capacitors, showed equivalent series resistance and capacitance to be constant with frequency 
until breakpoints were reached, after which both declined with the square root of frequency. 
(Section 4.2)  This simple bode plot behaviour lent itself to the fitting of approximation 
formulae.  These formulae thus developed, for the first time gave simple and accurate 
characterisation of both parameters in terms of frequency, metal film resistivity, capacitance 
per unit area and the geometry or aspect ratio of the capacitor metallised film (Section 4.2). 
The break point frequencies, determined by distributed R–C filtering, were also defined.  
Inversely proportional to the film resistivity, capacitance per unit area and the square of the 
aspect ratio of the capacitor metal film dimensions, the frequencies were around an order of 
magnitude above the typical self resonance frequencies of the capacitors examined. 
However, analysis showed that the break point frequencies of long circumferentially–
connected lengths of metallization, very easily moved down to audio frequencies as corrosion 
or similar edge–disconnecting processes increased the length of strips with direct edge 
disconnection.  The characteristics of the capacitor were also shown to be seriously degraded 
by partial edge disconnection, exhibiting low bandwidth and excessive loss (Section 7.2). 
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10.5 Distributed and Lumped Inductance of Typical Cylindrical MPP Capacitors 
To develop approximation formulae for the equivalent series resistance and capacitance of a 
capacitor, other equivalent components including distributed inductance, were initially 
ignored. 
Detailed analysis showed that this decision was justified, such inductance being negligible for 
the MPP capacitors studied (Sections 3.2, 3.3, and 3.5).  The low inductance was shown to be 
a consequence of the very small separation between current paths with the very thin dielectric 
film typically used.  For the 8 µF capacitor studied, the distributed inductance for the single–
end connected topology was around 0.17 pH/m.  The distributed inductance of a 
circumferentially connected strip of width 0.035 m was somewhat higher at around 290 pH/m. 
The impedance represented by this inductance was around 0.18 mΩ/m at 100 kHz for the 
circumferentially connected capacitor topology.  Compared to the typical 229 Ω/m 
represented by the resistivity of the 8 Ω/sq. metal film, the effect of distributed inductance 
was shown to be negligible. 
In contrast however, the theoretical inductance associated with electrical connections and 
packaging of a capacitor with double–end circuit connection topology, was around 27 nH 
(771 nH/m), depending on the diameter of the central return wire (Section 3.3).  This 
inductance, which may be modelled as a lumped inductance at the input terminals of the 
capacitor, was shown to be dominantly responsible for the self–resonance of the capacitor. 
This inductance value combined when combined with the 8 µF capacitance produced a self 
resonance frequency is 342 kHz.  Extra wiring inductance will further reduce this frequency 
in practice. 
In summary, it was found that the very thin dielectric layer separating the two conducting 
films in typical MPP capacitors resulted in extremely low distributed inductance.  Lumped 
package and wiring inductance was thus dominant in determining the self–resonance 
frequency of typical low power MPP capacitors. 
10.6 Characteristic Bode Plot of Dissipation Factor of MPP Capacitors 
Diffusion equation modelling of single–end connected capacitors revealed a simple 
underlying set of bode plot asymptotes for the dissipation factor of MPP capacitors (Section 
4.2.3).  These also applied to double–end connected capacitor connection topology up to the 
R–C pole frequencies of the capacitors as previously described. 
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Lumped external inductance was excluded from this modelling. 
A well known characteristic of polypropylene dielectric capacitors is a very low dissipation 
factor that is essentially constant with frequency.  At low frequency, dissipation factor tends 
to be dominantly determined by dielectric loss, when losses in the metal film fall to negligible 
levels.  Modelling of this constant dissipation factor required the addition to the classical 
series equivalent capacitor circuit, of a representative resistor whose value was inversely 
proportional to frequency.  In this research work, a simple formula for determining the value 
of this resistance was derived (Section 4.4).  The formula sets the value to the requisite low 
DF divided by the overall capacitance and 2pi. 
At very low frequency, cross–dielectric conductance was shown to cause the dissipation 
factor to be higher than that due to dielectric loss.  The initial low frequency DF asymptote 
thus slopes down with frequency until a floor represented by dielectric loss is reached.  At the 
upper frequency end of the asymptote relating to dielectric loss, the bode plot asymptote was 
shown to rise with frequency due to ohmic losses in the metal film.  The bode plot asymptote 
for DF was shown to plateau at a value of 1.0 at high frequency.  This was shown to be due to 
the R–C filtering effect of the distributed resistance and capacitance of the capacitor.  It was 
shown that the effect of external wiring resistance had the effect of bending the DF upward 
from the constant 1.0 asymptote with zero wiring impedance at high frequencies (Sections 
4.6, 8.3 and 9.2.3).  The slope of this asymptote was shown to be proportional to frequency. 
Thus the underlying DF bode plot asymptotes were defined.  Lumped inductance overlayed 
these asymptotes with a self–resonance peak typically at a frequency much lower than the 
pole frequencies that are determined by the distributed resistance and capacitance of the 
capacitor. 
 
10.7 Disruption or Fusing Current Density in Metallic Films 
Theoretical modelling using data for fusing currents of aluminium fuses and Preece’s formula 
yielded a predicted fusing current for a 2.58 Ω/sq. aluminium film, of around 1627 kA/cm2 
(Sections 7.4.5 and 7.4.6).  This was predicated on the melting point of aluminium and the 
same heat loss per unit surface area of the metal film as the fuses.   
It was demonstrated that the failure point of metallised film could be considerably lower than 
this upper estimate due to temperature–induced mechanical failure of the pre–tensioned 
polypropylene substrate.  Mechanical failure of this nature was also dependent on the 
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structure of the polypropylene film.  The environment of the metal film also was argued to 
potentially impact metal film fusing current densities.  Mechanical support and blanketing by 
adjacent layers were argued to have significant affects on fusing currents.  The high 
variability of extraneous factors potentially impacting fusing current determinations justified 
other assumptions in the analysis such as identical surface heat loss for both the film and fuse 
metal and linear scaling of temperature with power dissipated.   
Experimentally measured current densities in MPP films in various situations of mechanical 
support and blanketing, yielded typical failure current densities broadly between 200 kA/cm2 
and 400 kA/cm2 (Section 9.5)  These results were lower than theoretical predictions but 
entirely acceptable in accuracy considering the potential impact of extraneous variables 
affecting the fusing level. 
The results inferred that metal film current densities should be limited to well below  
100 kA/cm2 for reliable operation. 
 
10.8 Effect on Capacitor Durability of Loss of Direct Edge Connection to the 
Schooping 
Dissection of degraded and failed capacitors commonly revealed the disappearance of areas of 
metal film by corrosion or other processes.  Often a long narrow gap parallel to the schooping 
edge separated the metal film from direct connection to the schooping.  This gap forced 
current to flow along the strip instead of across it.  The result of this modified connection path 
was shown to be very much increased resistive losses and degraded capacitor performance. 
In this work, it was shown that removal of even small lengths of direct edge connection has 
dramatic effects on the electrical and thermal properties of the capacitor (Sections 4.8.2, 4.8.3, 
5.2  7.2, 7.3, 7.4and 9.2.4). 
A mechanism for development of this gap was described (Sections 1.3, 2.6 and 2.7).   
It was deduced that atmospheric moisture can induce metal film corrosion creeping inward in 
an axial direction from the schooping end–caps, progressively destroying a thin band of metal 
adjacent to the schooping.  Examination showed that this band typically formed first in the 
outer windings of the spiral wound capacitor where the interlayer pressure was lowest and 
where moisture entered most freely. 
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The lengthened current path and increased series resistance resulting from loss of direct edge 
connection, was shown to result in disproportionate increases in metal film current density 
and power loss at the still–connected end of the strip. 
The analysis showed that the rises in metal film current density and the temperature in hot 
spots at the still–connected end of the metallised strips were of sufficient magnitudes to 
destroy the capacitor.  Modelling showed that at 1 kHz and 100 volt ac input, fully developed 
partial disconnection resulted in hypothetical hot spot temperatures rises of around 4500C for 
the model capacitor used for the analysis.  Even at 50 Hz, the rise approached 1000C.  The 
temperatures given were relative to the surface of the capacitor.  It was argued that the 
elevated surface temperature due to thermal impedance between it and the outside 
environment, added to the temperature within the capacitor arising from internal power loss.  
In this work, it was shown that the actual temperature at the hot spot within a capacitor can 
easily exceed the maximum capability of polypropylene for even small levels of edge 
disconnection. 
It was demonstrated that, for an applied voltage of 240 volt 50 Hz instead of the modelled 100 
volt 50 Hz, the maximum length of disconnection that could be tolerated for 500C maximum 
temperature rise was around 16% for the typical 8.02 µF, 2.865 Ω/sq. 35 mm, 828–square 
capacitor analysed in part of this study.  This corresponded to a length of 4.6 meters out of the 
total length of 29 meters.   
Under the same conditions but at 1 kHz the maximum tolerable edge disconnection was 
around 2.15 % of the length of the metallised strips, corresponding to 62 cm in length. 
With 5.4% disconnection and an assumed nominal maximum permissible power dissipation 
level of around 10 watt, the maximum operating frequency was found to be around 530 Hz at 
240 volt.  This power level was probably the limit that a capacitor of this size could dissipate.  
However, since the power was not uniformly distributed in the capacitor, it is likely that even 
this low level of disconnection would result in local overheating of the polypropylene 
dielectric. 
With normal edge connection the capacitor could operate up to around 5.4 kHz at 240 volt 
before reaching the same level of power dissipation.  This tenfold reduction in operating 
frequency with as little as 2.15% disconnection, clearly illustrated the dangerous potential 
impact of corrosion on the durability of MPP capacitors. 
The research showed that the current densities in the metal films of the capacitor specified 
above also rose rapidly with edge disconnection.  With 240 V 50Hz input, current density 
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increased from 221 A/cm2 with full edge connection to 52.9 kA/cm2 for near full  
edge–disconnection. 
For an assumed 100 kA/cm2 nominal limit for metal film current density for 240 V, 1 kHz 
input, the modelling showed for the model capacitor that edge disconnection could not exceed 
around 2.7 % corresponding to around 78 cm of the strip length. 
It was found that typically observed vestigial links of metal that bridge the corrosion gap 
between the schooping edge and the remaining central metallization, could also pose great 
hazards to the capacitor.  Simple analysis showed that these links, when positioned near the 
inner extreme of the corrosion gap deep in the capacitor, would supply most of the current 
taken by the remaining metallization extending to the outer diameter of the capacitor.  The 
narrow links therefore experienced very great current densities and consequent heating, 
compared to that of the metal film in a capacitor without edge disconnection.  Experimental 
testing showed that the consequent heating in these vestigial links posed a severe threat to the 
polypropylene, almost certainly resulting in disruption of the polymer before the temperature 
was sufficient to melt the metallised layer.   
It was shown theoretically and confirmed experimentally, that temperature rises in 
circumferentially connected metal film and in vestigial links, could hypothetically be of the 
order of hundreds of degrees Celsius under normal operating conditions for substantial edge 
disconnection.  Experimental measurements and the physical limits of the materials used in 
MPP capacitors indicted that such conditions must result in failure of capacitors with 
extensive edge disconnection. 
10.9 Effect of Partial Loss of Direct Metal Film Connectivity on the Electrical 
Performance of a Capacitor 
In this work, it was shown that partial loss of direct edge connection as described in  
Section 10.8, resulted in dramatic changes in the performance of the capacitor.  For example, 
it was shown that the creation of an isolating corrosion gap, stretching for 20% of the length 
of the 800 square long strips in an 8 µF capacitor, resulted in an increase in the dissipation 
factor by over 1500 times at 1 kHz, compared to the dissipation factor of the same strip with 
normal edge connection to the schooping. 
The analysis showed that as little as 5% disconnection of the length of metallization resulted 
in an increase in the overall dissipation factor of the capacitor by around 65 times.  Dissipated 
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power also markedly increased from 0.108 watt to 6.91 watt in the model capacitor and 
maximum current density in the metallic film increased from 1.3 kA/cm2 to 48.9 kA/cm2. 
A capacitor suffering from degraded metal film connectivity, particularly involving direct 
connection to the schooping, was shown to be equivalent to a hybrid capacitor composed of a 
normal part in parallel with at least one circumferentially–connected high–loss part.   
In addition, a test capacitor with full circumferential connection was tested. 
In these matching tests it was shown that theoretical predictions of dissipation factor, 
equivalent series resistance and equivalent series capacitance, exhibited excellent 
correspondence to measured results for these parameters for both the degraded capacitor and 
for the circumferentially connected capacitor. A simple equivalent model was found to 
satisfactory for the circumferentially connected capacitor whilst a two–part hybrid model 
provided an excellent match to the characteristics of the degraded capacitor. 
These trials proved the underlying modelling algorithms and the conceptual modelling of 
degraded capacitors as composites of two or more capacitors with different internal 
topological connectivity. 
10.10 Opportunities for improving capacitor design 
The simple expedient of limiting the circumferential length of the metallization that can be 
formed by edge disconnection in a capacitor can provide a measure of protection against 
overheating and excessive current densities.  It is a common practice during capacitor 
manufacture to use a broad electric discharge to burn away the metallic film at the start and 
end of the capacitor roll to prevent shorting. 
A similar process could be used to segment the metallised strips, by removing narrow stripes 
or lines of metallization across the width of the strips at regular intervals along their length 
during capacitor manufacture as shown in Fig.  10.1.  The dividing lines would not affect the 
operation of a normal capacitor where current flows axially from one end–cap schooping to 
the other, parallel to the lines.  However the lines would prevent circumferential currents from 
flowing further than the distance between successive lines, thus limiting the increase in 
current density and heating due to partial edge–disconnection. 
In addition, the creation of narrow stripes of heavier metallization across the width of the 
capacitor strip at regular intervals when the polypropylene is metallised could ensure that 
corrosion–induced edge–disconnection is resisted so that the capacitor life is extended.  The 
heavier stripe being thicker than the rest of the metallization will resist corrosion longer, just 
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as the heavy edge does in current practice.  The heavy strip should be narrow but still wide 
enough to carry the current to a segmented area of metallization suffering edge disconnection.  
There is an increased risk of failure to self–heal associated with the heavy stripe.  This risk 
would need to be balanced against gains in capacitor life and resistance to the effects of 
corrosion. 
The analysis of typical MPP capacitors performed in this work do not suggest that significant 
improvements in electrical performance of power capacitors at 50 Hz can be gained by 
altering the resistivity of the metal layer.  Losses, even with the highest resistivity films of 
around 10 Ω/sq., were very low or negligible at this frequency.  However, capacitors designed 
for higher frequencies may benefit from lower resistivity films.  Resistance to corrosion is 
increased with thicker films, but this resistance is traded off against increased risk of failure of 
the self–healing process. 
The requirements for self–healing currently dictates that the metal films must have 
resistivities no lower than 2 Ω/sq., corresponding to a maximum equivalent aluminium 
thickness of around 14 nm. 
Fig.  10.1   Blocking of circumferential current by isolating lines and resistance to 
edge disconnection with heavy metallization stripes.  (Not to scale.) 
“De–metallised” lines 
Clear edge 
Metallised strip 
Heavy edge 
Broken current path 
Heavy metallization stripes 
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Chapter 11:  Contributions and Conclusions 
11.1 Key Contributions 
The following are key advances made in the research conducted by the author: 
1. Rigorous derivation and linkage of the commonly assumed one–dimension equivalent 
distributed circuit model of capacitors to the actual physical structure of stacked layer 
capacitors (Section 2.3).  Whilst the correspondence of one dimensional distributed 
models to actual capacitor disposition is commonly assumed in the literature, thorough 
linkage of the equivalent circuit to the physical structure of stacked–plate capacitors 
has not been reported by others. 
2. Demonstrated the effectiveness and accuracy of modelling of thin film capacitors with 
distributed circuit diffusion equation analysis for single–end connected capacitors.  
The results from diffusion equation analysis were checked against piecewise 
distributed circuit approximations and against measured characteristics of 
experimental and commercial capacitors (Sections 2.3, 2.4 and 2.5).   
3. Determined the relative electrical performance of single–end connected and double–
end connected capacitor circuit topologies and the efficacy of diffusion modelling in 
representing both.  There is no reported general investigation discovered by the author 
on general cross–correlation of characteristics of single–end and double–end 
connected capacitors (Sections 6.3 and 6.4). 
4. Analysed and quantified the typical internal voltage, current and power distributions in 
single–end and double–end connected capacitors relative to distributed capacitance, 
resistance, build geometry and frequency.  It was determined that both single–end and 
double–end connected capacitor topologies had very similar performance in terms of 
total power loss, but the single–end connected topology had a highly non–uniform 
power loss distribution and cross–dielectric voltage across the width of the two 
metallised films, compared to that of the double–end connected circuit topology.  The 
results showed that the double–end connected topology can potentially deliver higher 
volumetric capacitance density, because of better utilization of the capabilities of the 
dielectric through more uniform power distribution and cross–dielectric voltage 
distribution.  The author has shown that neither connection topology has significant 
advantage in terms of self–resonance frequency limits for the low power capacitors 
modelled (Section 6.4). 
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5. Derived simple frequency–dependent formulae defining the traditional capacitor series 
equivalent circuit capacitance and resistance in terms of construction parameters of 
metal film spreading resistance, capacitance and physical layout (Section 4.2).  These 
formulae, for the first time, give simple relationships between design variables and 
resultant capacitor performance.  The formulae showed that RES and CES reduce 
proportional to the square root of frequency above pole frequencies determined by the 
R–C filter effect of the distributed capacitance and resistance.  The input impedance of 
a capacitor is shown to reduce with the square root of frequency above the pole 
frequencies corresponding to the “upper” frequency band.  Similarly, the DF is shown 
to increase monotonically with frequency until an inflexion point defining the 
beginning of the upper frequency band, where it asymptotes to a value of 1.0.  These 
asymptotes are modified by the effects of dielectric loss, source or connection 
resistance, parallel equivalent conductance and capacitor inductance.  The formulae 
for RES, CES and DF, although derived here from the single–end connected capacitor 
topology, were shown in this work to also apply to the double–end connected topology 
up to the pole frequencies determined by the distributed resistance and capacitance.  
Since the pole frequencies are typically an order of magnitude above the self 
resonance frequency of low power MPP capacitors, the application of the formulae to 
both the single–end connected and double–end connected capacitor topologies was 
shown to be broadly unfettered in practical application. 
6. Determined that distributed inductance of low power MPP capacitors was neglible in 
both single–end connected and double–end connected circuit topologies and that 
packaging inductance – connecting wires and packaging of the capacitor – dominantly 
determined the overall self inductance of the capacitors (Sections 3.2 and 3.3).  It was 
shown that this lumped inductance in turn dominantly determined the self–resonance 
frequency of the capacitors.   
7. Determined and characterised a mechanistic link between corrosion and the generic 
catastrophic failure of MPP capacitors in the field (Sections 1.3, 2.6, 4.8, 5.2, 7.2, 7.3, 
7.4, 7.5 and 9.6).  There is no general consensus reported in the literature on the likely 
cause of such catastrophic failure in MPP capacitors.  Palliative measures, such as 
inclusion of pressure–sensitive isolating switches in the bodies of MPP capacitor are 
typically offered by some capacitor manufacturers for critical applications.  The work 
described in this report showed that very large increases in metal film current density 
and internal temperature can result from the effects of corrosion on the metallic films.  
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The increases were shown to be concentrated at localized areas in the capacitor, 
leading to dangerous hot spots and localized excessive current concentrations in the 
metallic films.  The modelling showed that the temperature increases can be hundreds 
of degrees Celsius, making failure of the materials certain.  The effect was 
characterised theoretically and confirmed by experiments.   
8. Determined theoretically and experimentally, the order of fusing current density in 
typical metallised films (Sections 7.4.5, 7.4.6, 8.5, and 9.5).  The failure in electrical 
continuity was shown to be affected by changes in the substrate – for example 
crinkling – at temperatures much lower than needed to melt the metallic film.   
9. Characterised the strong effect that partial edge disconnection of the metallization had 
on overall RES, CES and DF of a capacitor (Section 1.3.3, 2.6, 2.7, and 4.8).  It was 
shown that disconnections of even a few percent can cause the DF and power 
dissipation to increase by orders of magnitude.  The results explained how capacitors 
“go high”, exhibiting excessive power loss and raised dissipation factor. Going high 
was often inferred in other work to be due to deterioration in the dielectric properties 
of the polypropylene.  Investigation described in this work strongly linked such 
degradation in performance to corrosion of the metal film. 
10. Derived a simple formula determining the value of a frequency–dependent resistor in 
the traditional capacitor equivalent circuit, to represent the constant low frequency 
dissipation factor of MPP capacitors (Section 4.4).  The effectiveness of the model for 
dielectric loss was proved in its application to both new and used commercial 
capacitors.  The formula has not been reported in the literature, although the concept 
of a frequency dependent modelling resistance for dielectric loss in MPP capacitors is 
well known. 
11. Demonstrated DF bode–plot asymptotes for a typical MPP capacitor over its operating 
frequency range, including definition of the regions variously proportional to 
frequency or the square root of frequency (Section 4.6).  Apart from relating the 
asymptotes to normal capacitance and metal film resistance parameters, the model 
includes the effect of parallel conductance, dielectric loss and connection impedance.  
The asymptotes are modified by the self inductance of the capacitor, which typically 
imposes a self resonant peak in the capacitor characteristics. 
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11.2 Conclusions 
The following conclusions are drawn from the work reported in this thesis. 
Multilayer capacitors can be accurately modelled using distributed circuits with simple 
repeating sub–circuit elements.  The most accurate mathematical modelling was obtained 
from diffusion equations, which were based on single–end connected capacitors.  The more 
usual double–end connected capacitors were also shown to be characterised by the results 
obtained for single–end connected capacitors, with some limitations at high frequencies.  
These frequencies were normally well above the typical self resonance frequencies of these 
capacitors. 
Novel, empirically–derived formulae developed by the author from diffusion equation 
modelling of capacitors, provided a simple means of predicting the performance of capacitors 
from build parameters including metal film resistivity and capacitance per unit area.  For 
single–end connected capacitors, the formulae showed that the equivalent series resistance 
and capacitance of the traditional capacitor equivalent circuit were constant up to a pole 
frequency for each, after which they reduced with the square root of frequency.  The results 
obtained here were particularly applicable to an edge–disconnected part of a normal capacitor 
which formed a true transmission line connection.  However, the results were also proven to 
be generally applicable to double–end connected capacitor topology with some restrictions. 
The formulae derived by the author for the values of the capacitor series equivalent circuit 
capacitance and resistance, also define the applicable pole frequencies for each in terms of 
capacitor build parameters. 
Theoretical modelling and corroborating experimental results reported in this work 
convincingly showed that partial edge disconnection, often caused by corrosion, could be 
responsible for both soft and hard capacitor failure.  It was shown that even a few percent of 
strip edge disconnection from the schooping, resulted in orders of magnitude increases in the 
dissipation factor of typical MPP capacitors. 
This research also showed that small degrees of partial edge–disconnection resulted in 
disproportionately large increases in metal film current density and power dissipation, with 
these increases concentrated in localized areas.  The maximum predicted temperatures and 
current densities at these hot spots were shown to easily exceed the capability of the materials 
used in the capacitor. 
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Such strip disconnection was shown to provide a likely mechanism for the formerly 
mysterious and seemingly unavoidable generic catastrophic failure mode of MPP capacitors, 
whereby the capacitors often melted, emitted smoke and caught fire in an ongoing slow 
destruction process. 
11.3 Future work 
Simple mathematical solutions to diffusion equations are only available for single–end 
connected capacitors.  As the majority of capacitors are double–end connected, similar 
equations for this circuit topology would be advantageous in improving the accuracy of 
capacitor modelling.  Derivation of simple empirical equations from numerical or diffusion 
modelling of double–end connected capacitors would also complement the empirical 
equations described in this thesis. Such formulae would provide the “other half” of a complete 
modelling system to accurately model the various parts of capacitors in use.  This would 
obviate the need to apply the results of single–end circuit topology to double–end connected 
topology, with the consequent approximations and errors. 
More refined thermal modelling, using finite element analysis, would provide greater detail of 
the effects of partial edge–disconnection.  Finer, or less invasive experimental temperature 
measurement techniques, would also enhance understanding of internal heating. 
Experimental evaluation of the efficacy of division of the metallization into lengths of a 
square for example, or longer lengths for less critical capacitors, down the length of the 
metallised strips, in preventing overheating and damage due to edge corrosion or other edge–
disconnection mechanisms, is proposed as further work. 
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Appendix A: Derivation of basic distributed circuit model 
Transmission Line Model 
A standard derivation of the equations describing a classical transmission line is provided to 
describe the logical sequence of equations used in a spreadsheet realization of the diffusion 
equation modelling (Holt 1963, pp.475–493).  Access to the component equations provides a 
powerful facility to easily generate a range of output data, including for example, complex 
input impedance, current density and power distribution profiles.  In addition, the modelling 
method lends itself to ready accommodation of hybrid capacitor models formed typically by 
corrosion of the metallization of the capacitor films.  This corrosion may result in part of the 
capacitor having edge–connected metallization with good performance characteristics, and 
part with circumferentially connected metallization with degraded performance 
characteristics. 
For the transmission line depicted in Fig A1, RS is the source resistance; LS is the source 
inductance; LT is the termination inductance; RT is the termination resistance. 
R is the distributed transmission line resistance (Ω/m); L is the distributed transmission line 
inductance (H/m); C is the distributed transmission line capacitance (F/m); G is the distributed 
transmission line conductance (S/m); z is distance (m) down the transmission line starting at 
the input line a;  i is complex current down the transmission line;  υ is complex voltage down 
the transmission line;  VS is input (source) ac voltage. 
  
GND 
RS LS 
 G 
R L 
C G 
+RT 
+LT 
R L 
a b c z 
υ 
i 
C VS 
Fig. A1:  Transmission line. 
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For the equivalent circuit between a and c of Fig. A1: 
and  
Taking the partial differential equation of (A1): 
Substituting (A2) into (A3): 
 
Differentiating (A2) with respect to z: 
Substituting (A1) into (A5): 
Equations (A4) and (A6) are known as the telegrapher’s equations (Holt 1963, p. 482). 
Assuming a sinusoidal input voltage, voltage (V) and current (I) will be of the form: 
and 
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where V  and I are complex constants. 
Omitting the bracketed independent variable (t) for simplicity and differentiating (A7) and 
(A8) with respect to t:  
and 
 
Differentiating (A9): 
Differentiating (A10): 
Substituting (A7)–(A12) into (A4) and (A6): 
and 
Putting: 
and  
tjeV
dt
dV ωω 22
2
−=
LjRZ ω+=
CjGY ω+=
tj
eIj
dt
dI ωω=
tjeVj
dt
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]][[2
2
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vd tj ωωω ++=
tjeI
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dI ωω 22
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Substituting (A15) and (A16) into (A13) and (A14): 
and 
 
General solutions for (A17) and (A18) have the forms: 
and  
where 2121 ,,, IIVV  are complex constants  
and 
γ
 is termed the complex propagation constant, having real and imaginary parts and can be 
written:  
where:  
α is the attenuation constant (neper per meter), 
β is the phase constant, (radian per meter). 
z
eVzeVV γγ ++−= 21
ZYtjeV
dz
vd ω
=2
2
z
eIzeII γγ ++−= 21
ZY=γ
βαγ j+=
ZYtjeI
dz
id ω
=2
2
(A17) 
(A18) 
(A19) 
(A20) 
(A21) 
(A22) 
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The complex constants 2121 ,,, IIVV  can be written in complex polar notation.  Taking the 
voltage terms and adding time dependence: 
and 
where V1, V2, θ1 and θ2 are real constants and ω is radial frequency. 
Substituting equations (A22)  and (A23)  into the first term in (A19): 
Rearranging: 
Using Euler’s identity, and taking the imaginary part: 
This expression is that of a wave travelling in the positive z direction and shows that the 
amplitude of the sinusoidal wave decreases exponentially with distance z. 
If the term in brackets is frozen – signifying some fixed point in the sinusoid, then: 
where k2 is an arbitrary constant. 
Re–arranging:  
tjj eeVV ωθ222 =
βββ
ω 2kmtz −+=
)(2 mztk +−= βω
)sin(),( 11 mztzeVztv +−−= βωα
tj
e
zj
e
j
eVztv ωβαθ )(),( 111 +−=
)(),( 111 θβωα +−−= ztjezeVztv
tjj eeVV ωθ111 = (A23) 
(A24) 
(A25) 
(A26) 
(A27) 
(A28) 
(A29) 
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Since z represents distance, ω/β is a velocity term and is the propagation rate of the wave with 
time in the z direction.  Its units are meters per second.  This wave is called the incident wave 
and its amplitude decreases exponentially with distance down the line. 
A similar process of substitutions may be made for the second term in (A19) resulting in:  
The equation has a similar form to that of v1(t,z) but with an apparent positive exponential 
increase with distance down the line and opposite sign for the β term.  This can be interpreted 
as a negative distance z and signifying a reflected wave returning from the termination at the 
end of the line.  Its maximum is at that termination. 
V1 and I1 are related.  For a time–varying sinusoidal driving function, (A1) and (A2) may be 
re–written: 
and  
Re–arranging, (A32) becomes: 
and (A31) becomes: 
dz
Vd
Z
I 1−=
dz
Id
Y
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ILjRIZ
dz
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Differentiating (A20) with respect to z: 
 
Substituting (A19) and (A35) into (A33): 
Matching of coefficients gives: 
and 
Since ZY=γ  
and 
The characteristic impedance of the transmission line can be defined as: 
Substituting (A41) into (A39) and (A40): 
and 
Y
ZZ =0
22 IY
ZV −=
22 IY
V γ−=
202 IZV −=
11 IY
ZV =
101 IZV =
11 IY
V γ=
z
eI
Y
z
eI
Y
z
eVzeV γγγγγγ +−−=++− 2121
zγzγ eIγeIγ
zd
Id +− += 21 (A35) 
(A36) 
(A37) 
(A38) 
(A39) 
(A40) 
(A41) 
(A42) 
(A43) 
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Modelling a Finite Terminated Transmission Line 
 
Re–arranging and substituting (A42) and (A43) into (A20): 
Equation (A19) is reproduced for convenience: 
1V  and 2V  are complex constants that depend on the conditions at the sending and receiving 
ends.   
 
Sending End. 
 
Letting the voltage V and current I  at the sending end be SV  and SI  respectively and  
with z = 0 signifying the start of the cable (A45) becomes:  
Similarly, for current: 
where 1V  and 2V  are complex constants. 
Equations (A46) and (A47) can be used to solve for 1V  and 2V  in terms of sending end 
conditions: 
z
eVzeVV γγ ++−= 21
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e
Z
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2
0
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2
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1
Z
V
Z
VI S −=
(A44) 
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(A48) ( )SS IZVV 01 5.0 +=
21 VVVS +=
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and 
 
Receiving End 
Similarly let the voltage and current at the receiving end be RV  and RI  respectively.   
At the receiving end, the axial coordinate z equals the transmission length l and the equations 
for voltage and current become:  
and 
Equations (A50) and (A51) can be used to solve for 1V  and 2V  in terms of receiving end 
conditions: 
and 
 
The input impedance ZI of the transmission line model, at line “a” in Fig. A1 is the ratio of 
SV  to SI .
 
Similarly, at the receiving end, the ratio of RV to RI  is the terminating or load impedance, Zl. 
Input impedance may be expressed in terms of this terminating impedance and the line 
impedance Z0. 
(A49) 
(A50) 
(A51) 
(A52) 
(A53) 
ll
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1
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From (A46) and (A47): 
Replacing 1V  and 2V  with receiving–end parameters from (A52) and (A53): 
Dividing numerator and denominator by RI  and substituting Zl  for the ratio of RV  to RI : 
Dividing numerator and denominator by ( ) ll γeZZ 0+ : 
A reflection coefficient “ξ” may be substituted to simplify the equation: 
Resulting in: 
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Statement for Numerical Analysis 
 
For the model transmission line, the voltage VZ at any point is the sum of the forward 
travelling wave ZeV γ−1  and the reflected wave ZeV γ2 . 
The current at any point is the difference between the forward travelling current 
Ze
Z
V γ−
0
1
 and 
the reflected current 
Ze
Z
V γ
0
2
. 
Sequential steps in modelling the system using a spreadsheet. 
If merged, the equations developed in the preceding sections of this appendix would be large 
and very complex making their application cumbersome. Separating the calculations into 
sequential steps also provided flexible access to intermediate values such as voltage and 
current, required for this research program. Thus a process of building up the equation 
components was followed. 
A spreadsheet was used to sequentially build up the equations essentially as they are derived 
in the preceding section.  A front panel user interface was generated for entry of input 
parameters and display of a range of key output parameters.  Essential output parameters 
included, for example, DF, RES, CES, power loss, cross–width voltage and cross dielectric 
voltage.  The flexible nature of the progressive diffusion analysis allowed a wide range of 
other parameters to be displayed at will. 
Two complete parallel diffusion analysis modules were implemented in the spreadsheet.  One 
was for a normal capacitor and the other was for a circumferentially connected capacitor.  
This allowed a nominal capacitor to be modelled as a hybrid of two different capacitors, such 
as arises from partial edge–disconnection from the schooping.  The results from the two parts 
of the hybrid were combined and also displayed on the user interface. User input selection of 
the percentage of edge disconnection within the capacitor determined the mix of the results 
for the two sections. 
The essential input parameters included driving point voltage and frequency, the capacitor 
parameters the source and terminating impedance parameters and the percentage of 
disconnection.  For thin films, resistivity for example, is normally specified in ohms per 
square.  The “square” is dimensionless as the number is the same whether the square is 1mm 
or 1km.  However, for some other units, the square must have a stated size.  This is normally 
in units of the capacitor strip metallization width but can in principle be whatever is 
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convenient.  For modelling of effects across a strip, “mini–squares” are specified by means of 
choice of a value representing the number of such squares equal to the metal film width. 
The source and the terminating impedance consist of a series–connected resistance and 
inductance.   
If not required in the modelling, user–set input component values in the complete model are 
put to either very low values or very high values as appropriate.   
Initially, the building–block parameters that are dependent only on the line parameters are 
calculated.  These are characteristic impedance ZO, the attenuation factor γ and the reflection 
coefficient ρ. 
The sending end input impedance of the line at point “z=0” is then determined. 
The sending end current and voltage are then calculated.  Current is given by )(0 IS
S
ZZ
V
I
+
=
 
and voltage is given by IZIV 00 = . 
Then the complex constants, 1V  and 2V  are determined followed by ZV  and ZI  (A19), 
(A20) at the selected value of z.   
 
Knowing the complex current and voltage at any point z, allows determination of dissipation 
factor, power dissipated and effective capacitance at any point.  By forming a table with the 
length dimension z having values between zero and the length endpoint λ, the voltage, current 
and power dissipation profile may be plotted over the whole length of the modelled 
transmission line or metallised strip. 
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Spreadsheet User Interface. 
A version of the user interface is shown in Fig A2. 
This allowed instant changing of any input parameters to do “what if” experimentation.  The 
panel also allowed the percentage of disconnection to be varied.  Multiple pages in the 
computing spreadsheet were used for separately generating the results displayed on the user 
interface. 
Fig. A2  User interface for diffusion equation modelling of MPP capacitors. 
Model is compensated for simple equivalent circuit Diffusion
Date 23-Jul-06 DF(@source) 1.85275E-03
Cap ID 3 DF (@metal) 1.85275E-03
Capacitance (F) 8.0200E-06 cap_tot Power @source (watt) 5.377E+00
Cross-width voltage (mv) 2.092E+01 (Simple model) (Deg)
Cap Metal Length (N square) 828 Square Zin(@source: real, imag) 3.677E-02 -1.985E+01 -89.9
Cap metal width (square) 1 Square Zin(@source: mag, phase) 1.985E+01 -1.569E+00 1.85275E-03
Zi (@metal: mag, phase) 1.984731E+01 -1.569E+00 -89.89384564
R /square (ohm) 2.865E+00 rone Zi (@metal: real, imag) 3.677E-02 -1.985E+01 (Deg)
L/square_width (H) 1.00E-20 ESR, ESC (@source) 3.6772E-02 8.019E-06
C per unit square Fd cap 9.6860E-09 c5/c7 EPR, EPC @source) 1.071E+04 8.019E-06 (Deg)
G per unit area (mho) 1.000E-20 Yin_conn(mag, phase) 4.898E-02 1.571E+00 90.0
@metal @source Y(in_conn) (real, imag) 5.693E-06 4.898E-02
R(source ohm) 1.000E-20 0.00E+00 (Deg)
L(source H) 1.000E-20 0.000E+00 Yin_disconn(mag, phase) 1.407E-03 1.508E+00 86.4
R(dielectric ohm) 1.000E-20 0.000E+00 Y(in_disconn) (real, imag) 8.766E-05 1.404E-03
R(termination rt ohm) 1.00E+20 Total Yi(real, imag) 9.335E-05 5.038E-02 (Deg)
L(termination Henry) 1.00E+20 Total Yi(mag, phase) 5.038E-02 1.569E+00 89.9
Total Input voltage 240.00 Nominal Cap (Fd) 8.020E-06
Frequency (Hz vin) 1.000E+03 Temperature rise(disconn) 111.9825876
w (rad/sec) 6.283E+03 Disconn Connect DF_disc
% disconnected 2.800E+00 Current density (A/cm2) 1.020E+05 4.412E+03 6.2416E-02
Ncross(<>0) 10 Power first square (watt) 3.128E-01 EPC_disc
V_end (volt) 2.393E+02 2.4000E+02 2.235E-07
metal measure unit V_cross_metal NA 2.092E-02 ESC_disc
Number disconnected Nd 2.318E+01 2.244E-07
P/seg(conn!) 4.07E-04 Number connected Nc 8.048E+02 Deg
P/seg(disconn!) 1.86E-02 Zin_conn(mag, phase) 2.042E+01 -1.571E+00 -90.0
Width (m) 0.035 Zin_conn (real, imag) 2.373E-03 -2.042E+01 Deg
Thickness (m) 9.46E-09 effective Zin_disconn(mag, phase) 7.1067E+02 -1.508E+00 -8.643E+01
Zin_disconn(real, imag) 44.2715659 -7.093E+02
width
Primary input column Output data 
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Appendix B: Metal Film Resistivity Profiling 
Metal films used in MPP capacitors can be supplied with a uniform thickness or with a 
“heavy edge” where extra metal is evaporated at the edge of the metallised strip.  This heavy 
edge is designed to enhance the mechanical and electrical properties of the film at the point 
where it is connected to the schooping metallization.  It is of some interest to investigate this 
profile, as thicker metallization provides more resistance to corrosion and mechanical damage 
but increases the risk of failure of the self healing process. 
Self healing, a unique advantage of metal film capacitors, results in such capacitors being able 
to recover from a localized short through the dielectric.  The momentary heavy current 
through the defect destroys the surrounding thin metallization thereby terminating the 
discharge.  The capacitor thereafter may continue in operation with only a minor reduction in 
capacitance. 
In addition to the heavy edge, general corrosion increases the resistivity of the metal film over 
broad areas changing the topographical film resistivity.  Measurement profiling of the film 
resistivity is difficult, as a small area of the film must be measured to obtain good resolution 
of the spatial distribution of resistivity.  The film is fragile and thin and easily removed 
physically and electrically by the measuring probe. 
The probe structure used in exploring this resistivity, shown in Fig. B1, used four–wire 
measurement techniques to improve accuracy.  The metal film formed a conducting bridge 
between the central electrode and the outer electrode.  Total radial resistance of the metallised 
film across this annular gap was typically less than 1 Ω.  A current was supplied to the probe 
from a 12 volt source through a 12 kΩ resistance.  Low test currents were necessary to 
prevent fusing of the thin metal film.  Voltage across both the probe and the resistor were 
logged.  The probe was pressed firmly on to the metal film which was backed by a resilient 
material.  Multiple readings, regularly spaced across the width of the metal film, were used to 
determine the profile.  Spatial resolution of this method was limited by the diameter of the 
probe.  Since the metal film was very fragile, great care was needed to avoid mechanically 
damaging the metallization. 
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The measured resistance was related to sheet resistance by determining the average macro–
resistance obtained from multiple point–measurements. This average was then related to the 
actual spreading resistance of the metallised strip, as measured using a long length of film.  
Thus a scaling factor for the probe was determined. 
 
Fig. B1   Metal film resistivity–profiling probe. 
12V 
12kΩ 
Central electrode 1.85 mm 
OD 
Insulation 
Outer electrode 
4.75 mm OD, 
 3 mm ID 
V 
V 
Resilient base 
Metallised film Measuring spot 
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Fig. B2 shows a typical profile of metal thickness, represented by its conductivity, across the 
width of a new metallised strip intended for capacitor manufacture.  The metallization width 
is 50mm.  The “New” profile shows the increased metal thickness at the heavy edge on the 
right.  The “Weathered” profile taken two weeks after the “New” profile shows the effects of 
deterioration of the thin metal layer due to atmospheric corrosion.  The unwound strip was 
openly exposed to atmospheric conditions in an air–conditioned room during this period.  The 
rapid change attests to the fragility of the metallic layer used in MPP capacitors. 
Fig. B2  Equivalent conductivity profile across the width of a metallizes strip. 
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An example of broad–area conductivity profiling of one of the metallised strips from a used 
capacitor is shown in Fig. B3. 
The measurements show the most severe metal loss near the internal diameter of the capacitor 
roll and at the outer turns.  It is notable that the sample exhibited a multitude of pinholes in 
the metal layer.  These may be due to a number of causes including electrical breakdown or 
electrochemical corrosion.  These pinholes were considerably smaller in diameter than the 
probe used to make the conductivity measurements. 
Fig. B3   Metal film nominal conductivity (Siemens) down the length of the metallised strip in 
a used capacitor.  A number or readings were taken and averaged at each point. 
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Appendix C: Effect of Distributed Inductance 
In Chapter 3:  it was determined that distributed inductance of MPP power capacitors was 
neglible, due to the closeness of the electrical out–and–return path with typical very thin 
polymer dielectrics.   
It is instructive to use the diffusion algorithms for the distributed RLCG elements, to ascertain 
theoretically, the order of distributed inductance to match the typical self–resonance 
frequency of an MPP capacitor.  The analysis applies to both single–end and double–end 
connected capacitors as the resonance frequency is around an order of magnitude lower than 
the R–C poles for both where assumed equivalence between the two becomes inaccurate. 
For a 6.4 µF capacitor of metallised film strip length of 800 squares, strip width 35 mm, metal 
film spreading resistance 8 Ω/sq. and capacitance per square (35 mm x 35 mm) of 8 nF, the 
graph of Fig. C1 was generated using a distributed inductance of 17.6 µH per square, 
corresponding to a total distributed inductance of 22 nH or 629 nH/m for this capacitor.  The 
first resonance peak of this theoretical model was matched to the measured self resonance 
frequency for this capacitor.  External lumped inductance was ignored in the interests of 
exploring the effects of hypothetical distributed inductance.  The net inductance of 22 nH is 
Fig. C1   Hypothetical self resonance of a power capacitor due to distributed 
inductance.  Z is input impedance magnitude. 
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close to the calculated packaging (lumped) inductance of 27.3nH of a somewhat larger, but 
comparable, capacitor with a central return wire described in Section 3.3.1.   
The theoretical analysis of Section 3.2 gave a total inductance of a single–end connected 8 µF 
capacitor, of around 6.06x10–15 H.  This is not comparable in magnitude to the inductance 
necessary to produce the curve in Fig. C1.  Thus, series and parallel self resonances due to 
distributed inductance are not possible in the low frequency regime for typical MPP 
capacitors. Common MPP low power capacitors operate over a frequency range very much 
less than that of the low frequency regime defined by the filtering of the distributed metal film 
resistivity and capacitance of the capacitors. 
It is notable that the impedance curves in Fig. C1 are very similar in form to curves derived by 
Siami et al. (2001), who used a cascade of quadripoles to model the radial distribution of 
parallel shells represented by the spiral winding.  
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Appendix E: Clear View Capacitor Data Sheets 
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Appendix F: AVX Capacitor Data Sheets 
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Appendix G: Boedeker Polypropylene Specifications 
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Appendix I: Major assumptions variously used for some sections of this 
work. 
Assumption 1: For checking purposes and approximations, the spatially–distributed voltage 
across the dielectric of a distributed capacitor under normal low frequency operating 
conditions, is essentially equal to the terminal voltage since the ohmic voltage drop across the 
metallic film is very small in comparison. 
Impact and implications: This means that the current density through the dielectric is 
essentially constant and thus the current in the metallic conducting film of the capacitor will 
fall linearly from a maximum at the connection end to zero at the most distance end of the 
stripline. This profile on one capacitor plate moving away from the connected end will apply 
irrespective of whether the two capacitor plates are single–end connected or double–end 
connected.  Thus the two connection topologies share significant electrical profiles and data 
obtained for one can be applied to the other in some cases.  Thus diffusion analysis which can 
only be derived for single–end connection in the context of this work, can be applied for  
some of the parameters of the double–end connection topology.  
Restrictions. As shown in Section 4.3, the assumption becomes more tenuous and inaccurate  
at higher frequencies when the voltage drop across the metallic film becomes significant 
compared to the terminal input voltage. 
 
Assumption 2: A uniform cascade of RLcg discrete elements can be used to represent a 
continuum distributed capacitor. 
Impact and implications: This is the starting point for derivation of describing diffusion 
equations for the distributed capacitor. It does not consider boundary discontinuities such as 
those related to the capacitor–centric or resistor–centric terminations (Section 6.2) since when 
taken to the limit in calculus, the errors become zero. 
Restrictions. Neglect of the physical structure at the ends of the lumped ladder representing 
the transmission line incurs significant error if a finite number of elements are used in 
obtaining results, for example, by numerical analysis. In this case, the terminal conditions 
must be considered to minimise modelling error.  
 
Assumption 3: Heat generated by circumferential current in an edge–disconnected spiral–
wound cylindrical capacitor will essentially travel outward in a radial direction (Section 5.2). 
It is assumed no heat flows radially inward because there is nowhere for the heat to go from 
the centre of the capacitor. Predominantly heat will flow radially outward rather than axially 
to the end–caps.  
Impact and Implications: This assumption of outward radial flow greatly simplifies thermal 
analysis of a cylindrical capacitor having internal heating due to circumferential current in the 
metallic film. Since for most capacitors of the type consider in this work, the area of the end 
caps is significantly less than that of the outer curved surfaces, and at least one of the end caps 
has poor thermal connection to the external environs of the capacitor due to the typical 
housing, the potential error incurred is expected to be limited. The assumption is also justified 
by the limited accuracy needed in the result. In addition the aspect ratio of typical capacitor 
diameter to axial length means most heat will escape from the curved surfaces of the capacitor 
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requiring radial flow The assumption is further justified by the uncertainty in any case, of the 
value of thermal conductivity of the material in the multilayer capacitor. 
Restrictions: The approximation cannot be made if very accurate modelling is required. 
Finite element modelling may provide more accurate results but variability in boundary 
conditions in actual capacitors and in the thermal properties of the stacked layers may not 
allow much improvement in overall reliability of the results in representing typical heating 
conditions. 
 
Assumption 4: Heating produced in a vestigial link of metal film connecting metallic strip 
otherwise disconnected from the schooping, will flow in a radial direction from the link in 
three dimensions from a uniform temperature spherical approximation to the link though an 
equivalent spherical volume of homogeneous surrounding polypropylene material  
(Section 5.3). 
Impact and Implications: The actual shape of a vestigial link may be very complex, arising 
as it does from corrosion or a similar process. The square shape is arbitrarily assumed. 
Thermal modelling in three dimensions from this shape is very complex. Since the 
investigation cannot predict the actual configurations of links naturally occurring, a 
simplifying assumption of a thermally highly conducting sphere of dimension equal to the 
link and centred on the link, is justified. This greatly simplifies modelling but leaves 
unresolved the actual temperature at the metal film surface. The physical separation is small 
so the error may be assumed to be small.  
The simplifying assumption of an isotropic thermal medium surrounding the link permits 
simple calculation of the magnitude of temperature rise that may be expected due to a 
vestigial link in an operating capacitor.  However, the thermal environment surrounding an 
actual vestigial link is anisotropic, variable and complex. The assumption of a uniform 
insulating sphere is justified on the grounds that the temperature drop in a radial direction 
from the link is most rapid at the minimum radius from the link and becomes less as the 
surface area of the spherical boundary becomes larger. Thus the first few millimetres are the 
most critical. Heat is assumed to flow equally in all directions even though the laminated 
polypropylene is more thermally conducting in an axial direction than a radial direction due to 
the metallic film. However, heat flowing in the axial direction is more restricted by the greater 
distance it has to flow to reach an external surface. Heat flowing toward the core of the 
capacitor is not necessarily restricted unduly as it can diffuse through the bulk of the 
capacitor. Thus there is a measure of compensation that makes the assumption of anisotropic 
heat flow from a link more sound. 
Restrictions: Capacitors whose axial direction is much less than the diameter will make the 
isotropic heat flow justification weaker. The assumption of two concentric model volumes is 
good for magnitude estimates of temperature rise. More accurate estimates requires better 
three–dimensional modelling and more accurate knowledge of the thermal characteristics of 
the materials. 
 
Assumption 5: Temperature rise in a capacitor or its metal film is proportional to heat flow 
(Chapter 5: ). The assumption of fixed thermal resistance is common, widely used and 
reasonably accurate for modest temperature differentials. The assumption is used in the 
calculation of temperature rise in a model capacitor due to circumferential current and due to 
vestigial link heating. 
Impact and Implications: There is no known or more commonly accepted relationship 
between heat flow and temperature rise for modest rises in temperature. It is sufficiently 
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sound to be confidently used in this work since excess temperature rises where the 
relationship may be expected to be strained, are hypothetical in any case and could not be 
endured in practice by the materials typically used in the capacitors studied.. 
Restrictions: The assumed linear relationship applies for limited temperature rise. Large 
temperature rises bring into play effects of changed convection and can be impacted by 
radiated heat dissipation which is not linearly related to temperature rise. 
 
Assumption 6: The heat emitted from an aluminium surface is 125 kw/m2 as derived from 
Preece’s formula and the melting temperature is 6600C, and that this rule can be applied to a 
flat film of aluminium for determining fusing current. In addition, the rate of heat loss is 
directly proportional to the temperature above ambient. (Section 7.4.5) 
Impact and Implications: The figure for surface heat loss of fuses underpins long accepted 
tables for wire fusing currents (Sams 1975, pp 4-11) and applies for a wide range of wire 
diameters. It is therefore not unreasonable to extend its use to flat surfaces, at least as a first 
approach and in the absence of any other simple method. However the surfaces of fuses are 
normally free standing whereas metallized films of the kind considered in this work are 
usually not. Nevertheless, the assumption gives a basis for calculating fusing currents for 
metallic films, at least in free standing states. When the film is sandwiched, the heating 
dynamics are very complex indeed. The surface is sandwiched changing its heat loss 
characteristics from exposed to surrounded by an insulating material having thermal mass and 
providing mechanically supporting. Several effects may tend to cancel out, the mechanical 
support and the insulating properties for example. The linear relationship of heat loss with 
temperature rise is not unreasonable given the modest temperatures involved, particularly if 
failure occurs at lower temperatures due to substrate failure. 
Restrictions: The assumed areal heat loss at the point of fusing cannot be expected to apply 
equivalently to sandwiched metal and thus accuracy is limited. The linearity assumption is 
more sound in the light of its common usage. 
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